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Abstract
This project investigates the potential o f a new technology for the separation of low 
molecular weight carbohydrates, based on lectins as a specific adsorption media.
The basis of Lectin Affinity Chromatography (LAC) for monosaccharide separation and the 
mechanism o f lectin-monosaccharide interactions are investigated using Concanavalin A 
(ConA), a widely studied legume lectin, purified from jack bean.
These studies showed that lectin-monosaccharide interactions lie in the weak affinity and 
low capacity range. The system was successfully exploited for chromatographic 
monosaccharide separation under isocratic conditions and increased capacities were also 
observed in comparison with theoretical values.
The final objective was to evaluate the possibility of using LAC integrated in a bio-refining 
process, to add value by allowing the purification of rare sugars from sugar beet waste 
streams. The target is a rare aldohexose, L-fucose, which has a number o f potentially useful 
applications. To this end, one L-fucose binding lectin was chosen; Lotus Tetragonolobus 
(LTA) was purified from winged beans and its interaction with L-fucose characterised.
On an analytical column chromatography scale, immobilised LTA was effective for L- 
fucose separation.
LTA was also used as a specific carrier in a size exclusion column operating in desalting 
mode. This approach named Low Affinity Pair Size Exclusion Chromatography 
(LAPSEC) offers a low cost alternative to packed bed affinity chromatography.
A simple multi-stage equilibrium model was developed to examine the potential of 
LAPSEC and to identify the key parameters involved. The simulations show good 
agreement with the experimental results and predict the range of applicability of the 
LAPSEC approach.
Speculations on the feasibility of these processes for application on a preparative scale and 
attempts to outline a simple scale up procedure were made. Productivity was estimated and 
the system capacity and mobile phase flow rate identified as key parameters for 
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Project Introduction and Objectives
1.1 Sugar beet
All plants contain sugar, but the sugar beet contains especially high levels and it is the only 
plant from which it is profitable to extract sugar in Europe. Beets were originally used 
directly as food until the end of the 18th century, when man began to extract sucrose from 
them. Sugar beets with higher sugar contents were cultivated by plant breeding, and the 
sugar beet became a raw material for industrial sucrose manufacture. Sucrose (a-D- 
glucopyranosyl-p-D-fructofuranoside) is commonly known as sugar, it is a disaccharide 
consisting of two monosaccharides, glucose and fructose (Figure 1.1), bound by a 
glycosydic link and is the most commonly used sweetener, both domestically and 
industrially. Saccharides with 2-9 monosaccharides are called oligosaccharides while 
polysaccharides (e.g.: starch and cellulose) are those with more than 10 units.
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Figure 1.1: Planar structure of common sugars; sucrose and monosaccharides and some rare monosaccharides 
Five atom sugar ring name is ending with furanose, six atom rings are named by the ending pyranose.
1
1.2 Rare sugars: purification and market
Rare sugars are identified as small saccharides, naturally occurring in relatively low 
amounts. Some of those sugars (Figure 1.1) are monosaccharides (arabinose, rhamnose, 
fucose, xylose and xylitol, etc.) commercialised in either pure crystalline form or as blends 
in corresponding syrups. Some of them have already become very common, e.g. xylitol 
(sugar alcohol, hydrogenated form of xylose) with a well-established purification process 
and related market (chewing-gum, tooth paste, etc.). Xylitol has one-third fewer calories 
than conventional sugar and the same sweetening power, is mainly produced from bio­
refining of Sulphite Spent Liquor (SSL) generated from cooking process of 
lignosolphonate.
Due to an increasing number o f applications, rare sugars are gaining importance 
particularly within the flavour and pharmaceutical industry and improving the access to rare 
sugars is becoming a prominent goal. Biotechnology companies are raising capital to fund 
their bio-refinery to further process sugar beet pulp to produce sugar beet pectin, L-fucose, 
L-arabinose, carboxymethyl cellulose and other rare carbohydrates. Despite the low 
concentration of the target, the design of separation processes to manufacture and market 
these high-value added sugars, is potentially very attractive. Hemicellulose containing L- 
arabinose and L-fucose, in combination with the pectin fraction can be sold as a functional 
food additive and can be further processed to purify rare sugar and create more value. Van 
Thorre (2002) has recently patented a process by which L-arabinose is purified from 
hydrolysed sugar beet pulp hemicellulose using a chiral stationary phase within a 
continuous chromatographic process.
1.3 Chromatography for sugar separation
Candidates for generally dealing with oligosaccharides side streams are batch or column 
chromatography processes. The dark thick syrup, obtained from the crystallisation of 
sucrose, is known as molasses. It is a by-product of beet sugar manufacture containing 
50% of sucrose. In 1983 Heikkila published a simple method based on ion exchange
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chromatography for the extraction of sucrose, with a capability o f 50000 m.t./yr of 
molasses, 85-90% fraction recovery and with a low power consumption.
Although sugars present a challenge in terms of separation because of the small differences 
in their chemical and physical properties, there are several well-developed methods used 
today based on ion exchange, partition, reversed-phase and size exclusion chromatography. 
On the other hand, when the separation needs to be focused on one particular sugar present 
at low concentration in a complex mixture the easiest procedure is either to adsorb the 
target on a highly selective resin or to use a less selective adsorbent to bind the majority o f 
the contaminants. High selectivity or specificity is the most important characteristic of 
affinity chromatography.
1.4 Lectins: a selective sugar targeting agent
Specific interactions form the basis of Affinity Chromatography and a large family of 
glycoproteins known as lectins offer the most attractive high-specificity carbohydrate 
binding agents currently available commercially (Merkle and Cummings, 1984). 
Immobilised lectins are used already in separation technologies for carbohydrates, 
glyconjugates, enzymes, immunoglobulines and cells (Singh et al., 1999). Lectins are an 
heterogeneous group of proteins first described in 1888 by P. H. Stillmark who discovered 
haemagglutinating activity in castor bean extracts. Later, it was demonstrated that the 
agglutination properties of lectins were based on their specific recognition of, and 
reversible binding to, carbohydrates (mono- or oligosaccharides). Since then, numerous 
lectins have been isolated from plants, animals and micro-organisms and classified on the 
base o f their carbohydrate specificity (Sharon and Lis, 1998). Carbohydrates interact with 
lectins through hydrogen bonds, metal coordination, van der Waals and hydrophobic 
interaction (Elgavish and Shaanan, 1997). Lectins are generally made up of one or more 
subunits in a multimer. If the subunits are identical the lectin has multiple binding sites 
recognising specific saccharides.
Legume lectins are a large family o f homologous carbohydrate binding proteins that are 
found mainly in the mature seeds of most legume plants. They strongly differ from each 
other with respect to their carbohydrate-binding specificity (Sharon and Lisi, 1990). In fact
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they have several different carbohydrate-binding specificities and on this basis a common 
classification is made (Liener et al., 1986, Van Damme et al., 1998):
■ Mannose/glucose specific lectin.
■ Galactose/N-acetylgalactosamine specific lectins.
■ Chitobiose specific lectins.
■ L-Fucose specific lectins.
■ Finally there are examples of legume lectins which do not bind to any simple sugar 
but interact only with oligosaccharides.
The structure of legume lectins can present different degree of glycosylation. Their 
structure is based on subunits (monomers), which possess divalent cations, held in place by 
interactions with specific amino acid residues and essential for the carbohydrate binding 
activity (Lonnerdal et al., 1983).
1.5 L-Fucose: production and uses
Fucan is a sulphated polysaccharide located in the cell walls of brown seaweed. Fucan 
extracts are viscous structurally very heterogeneous, generally with high molecular weights 
and composed of 3-branched (1 - 2) or (1 - 3) linked alpha-L-fucose-4-sulphate units 
(Chapman and Chapman 1980). Fucoidan is a high molecular weight fucan, found in the 
intercellular mucilage of rockweeds, the general formula is (C6H9C>3S0 4 Cai/2)n, but several 
structural variations have been considered. A common methodology to obtain L-fucose is 
by hydrolysis of this polysaccharide extracted in acid conditions from seaweed (Takemura 
et al., 1988). Chemical (Sarbajana et al. 1995) and enzymatic (Wong et al., 1995) 
syntheses have also been reported. Microorganisms producing extra-cellular 
polysaccharides rich in L-fucose include a broad range o f bacteria, fungi and algae as 
reported by Vanhoren and Vandame (1999) who investigated the production of L-fucose 
during submerged fermentation.
The growing effort around this monosaccharide and its sources is due to its numerous 
biological properties. For example, it has been shown that tumor cell colonisation of the
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lung can be significantly inhibited using L-fucose or fucodian, for its specificity of 
pulmonary cell (Keida and Monsigny, 1986). L-fucose is also an indicator of colon 
carcinoma and brest cancer since it is over expressed in these malignancies (Listinsky et al., 
2001). It posses antithrombic, anti-inflammatory and antiviral activities, it plays important 
roles in memory formation-potentiation and in cosmetic it decreases the product’s 
allergenic effects (Vanhoren and Vandame, 1999, Marquardt et al., 1999, Matthies et al., 
2000).
1.6 Aim of the project
This project was conceived to investigate the possibility of using Lectin Affinity 
Chromatography (LAC) as a rare sugar purification technology. To this end, the biological 
foundation of lectin- monosaccharide interactions must be identified and the exploitation in 
chromatography investigated with process viability and productivity.
The project target is the purification of a rare monosaccharide L-fucose (6-deoxy-galactose, 





In this section, a theoretical introduction to those subjects and principles that are used in 
experimental work involved in this project, are described. Chromatography is the main 
area o f interest with particular focus on affinity chromatography. Basic principles of 
chromatography and affinity chromatography are summarised with some of the most 
important literature reports. As biomolecular interactions represent the topic under 
investigation, equilibrium and thermodynamics o f these interactions in chromatographic 
systems are described. Other systems used for studying and characterising these binding 
processes (isothermal titration micro-calorimeters and surface plasomn resonance) are also 
described. In summary this chapter focuses on describing the main tools used to identify 
and investigate lectin monosaccharide interactions with the introduction of simple 
mathematical approaches employed.
2.2 Chromatography: principles and methods
A mixture o f substances to be separated is applied in solution (liquid) to a support medium. 
This may be paper, a layer of silica or a column packed with an adsorbent (solid or liquid). 
This work is focused on liquid chromatography using columns packed with solid adsorbent. 
Liquid column chromatography is a separation process whereby the liquid mixture carried 
by a mobile phase flows through a column filled with adsorbent or molecular sieve gel 
(stationary phase).
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A brief classification of the phenomena used in chromatography is given in Table 2.1, 
pointing out five main principles on which separation can be achieved (Cozzi et a l , 1987). 
The separation is based on the different partition for each mixture component between the 
two phases involved; if  q is the solute stationary phase concentration, and.C the mobile 
phase concentration, the partition coefficient Kp is defined as follows;
Table 2.1: Main separation principles of Chromatography
ADSORPTION
Interaction between the solute and a functional group present on the surface o f a solid 
adsorbent.
PARTITION
Solutes partition themselves between the two usually liquid phases based on their 
individual partition coefficients.
ION EXCHANGE
Charged solutes are reversibly adsorbed on to an immobilised ion exchange group of  
opposite charge (IEC).
EXCLUSION
It is based on the size of sample in solution; larger molecules move faster, excluded 
from the pores of the packing material, smaller ones diffuse in and out the pores and 
move slower (SEC).
AFFINITY
Substances are selectively adsorbed onto an insoluble adsorbent by biospecific 
interactions with a particular functional group or whole-immobilised molecule (AC).
2.2.1 Practical methods and chromatographic techniques
Column chromatography can be carried out following three different methodologies:
1) Zonal Elution Method (ZC). Solute concentration is raised with a small amount of 
sample mixture fed into the column as a discrete slug. Separation is achieved in the form of 
“bands” and depends on the differential migration rate of the mixture components, i.e. 
selective retardation due to different degrees of solute affinity for the stationary phase.
It is used widely at analytical scale. As only a small fraction of the adsorbent capacity is 




Figure 2.1: Separation of a bi-component 
mixture with chromatogram.
(Jonsson, 1987). HPLC (High Pressure Liquid 
Chromatography) and GC (Gas 
Chromatography) applications are two of the 
most common systems used for sample 
analysis, component mixture identification and 
quantification. Figure 2.1 shows the dynamic 
separation of a mixture of two solutes 
throughout the column and the resulting 
chromatogram of the two solute bands eluted 
from the column outlet.
2) Frontal Elution Method (FC). The stationary phase in the column is loaded with a 
constant feed solute concentration, solute is suddenly raised and maintained at a
constant value until the chromatographic 
media is saturated and a complete 
breakthrough occurs (Figure 2.2).
The loaded column is then washed to remove 
unbound and weakly bound impurities. Finally 
the product is eluted by changing physical or 
chemical parameters in the system. This 
technique is used for large-scale separation 
since it allows extensive use of resin capacity 
and allows a smaller column.
Typically, to minimise the product loss, loading is terminated when the outlet 
concentration is only a fraction of the feed concentration (Dantigny et al., 1991).
As shown for instance in Figure 2.2, after an eluted volume V), the total amount of 
solute loaded into the column is V ixCi, while the area underneath the curve represents 
what is lost in the column outlet, the red dotted area above the breakthrough is unused 
bed capacity. A different balance between losses and unused capacity is required 
depending on the situation.
3) Displacement Elution Method (DC). A relatively small sample is fed into the column, 




Figure 2.2: Sigmoid concentration profile o f a 
typical breakthrough-curve.
Then elution starts with a competitor containing eluent which has a higher affinity for 
the adsorbent than the sample. The sample component is forced out, or displaced, from 
the stationary phase and subsequently eluted highly concentrated. This approach is a 
good candidate for preparative purposes when the enrichment of trace, substances is 
required (Freitag, 1999).
In analytical and semi preparative scale chromatography the emphasis is to acquire as much 
data as possible from the production of small amount of pure material. In preparative scale 
the process stream is usually well characterised and the emphasis shifts towards the 
purification of large amounts of material.
Pilot and process scales deal with larger 
amounts of material and this is when costs
A Process Scale a/  \  become the major factor to be considered.
All preparative separations start with an
analytical run (Figure 2.3), it is very important
to evaluate at this stage the key parameters
and features that describe the separation for





Figure 2.3 Chromatography working scales
2.2.2 Physical aspects and key parameters
Solid packing material can be porous or non-porous, the former is more common as it 
offers high capacity per unit volume. High porosity and large surface areas per gram of 
sorbent are the main characteristics of materials used commercially in chromatography. 
Considering a column operating in ZC, where the components o f the mixture applied are 
separated depending on their size (SEC), their elution is identified by the time (tr) or 
volume (Vr) required to pass through the bed. For porous packing materials, the total 
column bed volume (Vbed), the inter-particles liquid void volume (Ve) and the volume 
occupied by the stationary phase (solid + pores; Vs= Vbed - Ve) must be defined and e, the 




e = - ± -  (2 .2)
Vv  bed
Solutes, which can diffuse in and out the pores o f the stationary phase, access a larger 
fraction of the bed volume and so are slower moving (tr or Vr) than solutes which are totally 
excluded and elute earlier, carried by the mobile phase throughout the column void volume 
(te or Ve). The solute mass distribution between the stationary and mobile phase (ns/ n m) is 
called the capacity factor, k' and can be expressed as the ratio of the time (or volume) that 
the average molecule spends in the two phases:
Combining 2.1, 2.2 and 2.3 a practical expression for the partition or distribution 
coefficient is obtained;
V a 1 - e  V - V  V - Vk ' = ^  ^  = —  x K D = >  K d = --r-  - e = r e (2.4)y. c  e v, vM-ve
With a gel as stationary phase, it is common practice to use the latter expression (Laurent 
and Killander, 1963) with Kp representing the solute available stationary phase fraction.
For small molecules the retention volume approaches the total bed volume (Kp= l) while 
larger, totally excluded, molecules move with the mobile phase (Kp=0).
If KP>1, there is obviously an interaction between solute and support, which is not only due 
to a molecular sieve effect.
The fraction of free solute in the mobile phase decreases as the system capacity factor 
increases. The relative retention of the two solutes (1 and 2) by the stationary phase and 
their partition against a constant mobile phase composition is a thermodynamic factor 
called selectivity (separation factor) «2,/- The higher a2,i the better and easier the separation. 
k[ and k2 are respectively the capacity factors of the first (1) and second (2) eluted solute,
a 2,i =  k 'l/k 'i  (2 -5)
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2.2.3 Adsorption chromatography
When mobile phase and solute flow in the void volume outside the particles, the solute 
diffuses through an external film to the particle and may be adsorbed on the external 
surface or diffuse into the stagnant fluid into the pores and be adsorbed. The adsorption 
process is determined by electrical, physical or chemical interactions between a functional 
group or whole molecule present on the stationary phase. If it is reversible, the solute can 
desorb and diffuse through the pores across the external film into the moving fluid. This 
can occur many times; the solute in the moving fluid is carried along the column bed at the 
fluid speed until it diffuses into another particle and the whole process is repeated.
Adsorption chemistry and column performance are based on equilibrium and solute mass 
balance. Having a defined equilibrium relationship is fundamental for a chromatographic 
investigation since it determines the extent of the process. Equilibrium data are available as 
adsorption isotherms and plotted with the solute concentration in the mobile phase C in 
abscissa and the solute concentration adsorbed on the stationary phase q in ordinate.
The easiest case is described by a linear relationship between the two concentrations 
described by a constant partition coefficient,
q = K p C (2.6)
The most common deviation from linear adsorption is an upward convex curve which can 
be described by the Langmuir isotherm (equation 2.7, Figure 2.4), in which qmax is the 
maximum binding capacity (maximum moles of adsorbate per unit volume of adsorbent) Kd 
(M) is the equilibrium dissociation constant and Ka (M '1) is the equilibrium association 
constant (1/Kj). The Langmuir isotherm expresses favourable adsorption in contrast to an 
unfavourable concave upward equilibrium adsorption trend (Figure 2.4). There are many 
other forms of adsorption isotherm like for instance the Freundelich isotherm 
(q  = K f  • C 1/w/ ) used to describe liquid-solid systems.
11
q  — ^max ' C  _  Q max ' ' C
Kd +C  1 +Ka-C
(2.7)
In dilute systems (C « K J)  with 
Langmuir behaviour, q becomes 
proportional to C and a linear 
adsorption isotherm is a reasonable 
approximation.
The adoption of the Langmuir model 
assumes a monolayer adsorption 
surface, that all sites are energetically 
equivalent and independent and that 
there are no interactions between 
adsorbed molecules. From (2.7) the analogy with the Michaelis Menten (1913) equation 
describing the kinetics of a single substrate enzyme reaction is evident. A simple derivation 
of the Langumuir isotherm is realised with the expressions (2.8) - (2.11), where q and C are 
respectively represented by the concentration of filled binding sites and concentration of 
free solute in the mobile phase, k on and k Qj f  are the rate constants of adsorption and
desorption (Belter et al., 1988). The higher the association constant (or the lower the
dissociation constant) the stronger the affinity and vice versa.
kon
[free solute] + [free binding sites] .  ► [filled sites] (2.8)
k o jj
k0ff [free solute] x [free binding sites]
Dissociation constant: Kd -  --------= -----------------------------------------------  (2.9)
k on [filled sites]
[free binding sites] = [Total binding sites] - [filled sites] (2.10)
[Total binding sites] x [free solute]
[filled sites] = --------------------------------------------  (2.11)
Kd + [free solute]
Qmaxq
c
Figure 2.4: Typical hyperbolic favorable Langmuir 
isotherm (continuous line), linear adsorption (dotted 
line), unfavorable adsorption (dashed line).
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The movement o f adsorbed solute (adsorption wave or band) occurs at lower speed than the 
velocity o f the mobile phase and an increase in the number of solute moles loaded with the 
mobile phase *nm, implies an incremental change m s in the adsorbed number o f moles on 
the stationary phase. The superficial velocity us is defined as the ratio of volumetric flow 
rate to empty column cross-section (Horvarth and Lin, 1976) and for a large number of 
solute molecules, carried by the mobile phase moving at us, the average speed usi is 
determined from the fraction of time these molecules are in the mobile phase (equilibrium 








A linear equilibrium isotherm = K p j  implies a limit in solute speed, independent of
concentration and dependent only on the thermodynamic variables changing Kp.
The distance x  travelled along the column, versus time /, is a line with constant slope equal 
to the solute velocity. Therefore for a pulse feed, two solutes with independent isotherms 
move with two different constant velocities, resulting in the outlet as two uncoupled waves. 
In the most common cases of non-linear systems as Langmuir adsorption isotherm, 
differentiating equation (2.7), the following is obtained,
A L „ A L = q» * 'K p . (2.13)
AC ac (1  + Ka cf
which substituted in equation 2.12 shows that the more concentrated solute is faster 
moving. Displacement of a concentrated solution by a dilute one, implies that the solute 
outlet concentration is decreasing continuously in proportion to the column length 
(proportional pattern). With the opposite displacement, a more concentrated solution 
overtakes the dilute one, an intermediate elution velocity occurs independently o f the 
column length once that local equilibrium is achieved (constant pattern).
This approach to chromatographic separation analysis is known as the solute movement 
theory and is described in more detail by Wankat (1986).
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Proportional and constant patterns are recognised in FC respectively for unfavourable and 
favourable adsorption isotherms and described in detail by Vermeulen et al. (1973).
2.2.4 Chromatographic theories
The theories used to describe chromatography can be divided into two major categories: the
plate theory and the rate theory (Yang and Tsao, 1982a). Without a rigorous mathematical 
derivation, the fundamental principles of these theories can be summarised.
The Plate theory. In a classical paper on liquid-liquid chromatography Martin and Synge 
(1941) developed a Plate Theory, analogous to the theory applied to distillation processes, 
explaining solute band spreading. This method is widely used to quantify chromatographic 
column performances. The column is thought of as a succession of N  well-mixed stages 
(plates) where is assumed that:
■ Equilibrium between the two phases is always reached in each stage.
■ Diffusion of solute between plates is negligible.
■ Kp is constant (linear isotherm).
■ Solutes do not compete or interact with each other.
For each component i and stage j  the mass balance for an infinitesimal bed element dV  is:
(2.14)
Figure 2.5: equilibrium stage j
Stage J — ►
C(i.j)
which, solved for a pulse of «, moles, results in a 
Gaussian expression form for a large number of 
stages. For a column length L , with N  plates, each 
one height of H, therefore N  = L /H  .
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The height H  of a single stage (Height Equivalent of a Theoretical Plate, HETP), defined 
for a single component, serves as a measure of band broading and column efficiency.
It can be defined as the minimum thickness of a column bed portion which the solute 
leaves, carried by the mobile phase, in equilibrium with the stationary phase.
The number of stages and therefore the HETP are experimentally determined from the 
retention time or volume of material processed and W, the eluted peak width (Figure 2.6).
K
w (2.15)
The Gaussian distribution describing the solute elution after N  equilibrium stages has 
standard deviation <7 = *J~N , therefore the peak width (band spreading, W) is proportional 
to the square root of column length. Under conditions assumed in the Plate theory, the 
solute retention time or volume is independent of the sample size and Gaussian 
distributions describe chromatographic peaks well, providing they are symmetric.
t r l  (V r1)
T im e  o r  V o lu m etr2 (Vr1)
Figure 2.6: Chromatogram representing the elution of two components with the parameters needed for the 
evaluation o f the separation achieved. The Gaussian shape is recogniseble particularly for the first peak
Therefore a peak asymmetry factor As = B/A (Figure 2.6) can be adopted to verify the 
theory hypothesis of linear equilibrium. Skewed peaks result from non-linear distribution 
isotherms and non-achievement of equlibrium. For instance, in the case of adsorption
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isotherms, tailing peaks (AS>1) show a typical convex upward (favourable) Langmuir 
isotherm while fronting peaks (AS<1) show concave upward (unfavourable) isotherm.
The ability to separate two solutes of a chromatographic column is expressed in terms of 
resolution R which measure the peaks overlap;
R =_  ^• (tr2 tr\)
(w l + w 2)
(2.16)
Assuming the same peak widths, R can be obtained as a function o f the other 
chromatographic parameters mentioned so far.
R = - J n -
4 ’21 1v 2 /
(2.17)
R  is proportional to the square root of column length, increases with decreasing HETP and 
obviously depends on the system thermodynamics (cr?;). For higher selectivity less plates 
are required to achieve good resolution.
Rate theories. Starting from the fact that equilibrium is seldom achieved in real operations, 
a more rigorous approach to fixed bed adsorption is represented by the Rate Theory of 
chromatography, based on solute material balance equations with appropriate boundary and 
initial conditions applied to an infinitesimal element of the bed.
The equation describing the changes in the liquid phase concentration of adsorbate is
D. ' a 2c '
u (









where on the left hand side the rate of axial dispersion (first term, Dx is the solute axial 
dispersion coefficient) in contrast to the rate of solute movement with the flow along the 
axial x-axis of the column (second term) equals the accumulation rate of solute (right hand 
side) in the interstices (third term) and by adsorption (forth term). Theoretically (2.18) can
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be solved to provide the effluent concentration as a function of time. However the solution 
is usually very difficult particularly because the adsorption isotherms are generally not 
linear. Moreover the overall rate o f adsorption is influenced by a number of resistances; 
mass transfer within the liquid, interface and solid phase and the actual adsorption process. 
The diversity of the existing rate theories is in the identification of the rate-determining 
step; an important simplification is obtained when the overall rate of mass transfer and 
adsorption is written by a single equation. For instance, when surface adsorption is rate 
controlling, Thomas (1944) solved the mass balance neglecting all dispersion effects 
considering a second order rate o f adsorption and first order rate of desorption (kon and kQff 
are the rate adsorption, desorption constants):
= (2.19)
When the slowest step is the transfer o f the solute through the film between the two phases, 
a linear driving force, determined by the distance the system is from equilibrium, is defined 
as;
| . i | ( C - C ' )  (220)
where kfa  is the interface mass transfer coefficient times the specific area of adsorbent and 
C* is the free solute concentration in equilibrium with the adsorbate (at the interface). If 
local and linear equilibrium is assumed (q = Kp C*) a further simplification is obviously 
obtained.
Detailed analysis of rate theories on adsorption in packed bed operations is reported in the 
works o f Ruthven (1984) and Tien (1994).
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2.2.5 HETP expression
In 1956, comparing the result from the Plate theory with that from the Rate theory approach 
of Lapidus and Amundson (1952) van Deemter et al. (1956) established a resulting 
expression for the height equivalent to a theoretical plate, function of the mobile phase flow 
rate Fr.
H  = A + — + C x F r (2.21)
F,
A, B, C, are constants for a specific system. A (eddy 
dispersion) is the contribution to the band broadening 
that depends only on the packing material and column 
packing manufacture. B/Fr is the axial dispersion 
contribution that decreases when Fr increases. Finally, 
C*Fr accounts for the contribution from film mass 
transfer, particle diffusion, and increases at higher 
flow rate (Figure 2.7). It is apparent that there is an 
optimum velocity at which HETP is minimised, this 
minimum value disappears if axial dispersion is 
negligible. Many studies of zone spreading, including 
adsorption/desorption kinetics, both for linear and non-linear systems, have expanded the 
van Deemter equation and many others have found similar expressions following different 
paths (Giddings, 1965, Horvart and Lin, 1978).
2.3 Affinity Chromatography
Affinity chromatography (AC) was introduced about 34 years ago by Cuatrecasas et a l 
(1968). Since then it has been improved and thousands of different molecules have been 





Figure 2.7: Graphical presentation of 
the effect o f increasing flow rate on 
the three contributions to zone 
spreading.
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AC is based on biospecific interactions, in which biochemicals coupled to a solid support 
are able to recognise, with extreme selectivity, particular structure elements of another 
substance. AC comprises a number of bio-specific systems such as antibody-antigen, 
enzyme-substrate, lectin-sugar in which the ligand has an highly specific binding site, 
recognising the 3-dimensional conformation of the molecule to be bound, and the presence 
and orientation of key chemical groups within this region.
Usually each affinity packing or adsorbent contains three structural elements:
■ The solid support or matrix (porous or non porous).
■ The spacer group, which links the ligand to the support at a defined distance.
■ The ligand chemically bound through the spacer to the matrix.
These represent a typical arrangement when for instance a macromolecule such as a lectin 
needs to be purified from a crude extract using AC, with the affinity media based on the 
immobilised specific sugar (ligand). Obviously following the same principle the lectin can 
be immobilised and the relative specific sugar purified from a mixture of impurities.
2.3.1 The matrix
The solid support should be insoluble, permeable, and hydrophilic and have no intrinsic 
charged groups that could cause non-specific adsorption. It should also possess good 
mechanical-chemical stability properties, resistance to microbial or enzymatic degradation 
and if porous, the pores must be large enough to allow easy transfer of adsorbate into and 
out of the particle. Common matrix materials are: porous glass or silica, cellulose, agarose, 
dextran, and polyacrilamide. The most popular matrix in AC is based on agarose (Wilchek 
and Miron, 1999), polysaccharides obtained from seaweed (Chapman and Chapman, 1980) 
consisting of alternating 1,3-linked p-D Galactopyranose and 2,4-linked 3,6-anhydro-a-L 
Galactopyranose. Commercial products contain between 4 to 6 % (w/v) of agarose. 
Sepharose, for instance is a bead formed of agarose gel and is widely used because o f its 
very large open-pore structure and low non-specific adsorption. It shows minimal 
channelling in the bed (Yang and Tsao, 1982b) however as a hydrogel it has significant
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mechanical limitations. Its modest rigidity can be improved by cross-linking the gel but 
this reduces porosity and the availability of covalent attachment sites.
2.3.2 Activation and coupling
Hydroxyl groups on the matrix residue are the usual candidates to be derivatised for the 
covalent attachment of a ligand. First of all these groups need to be activated which means 
introducing an anchor (spacer) with a reactive terminating group.
The purpose of the spacer is to reduce steric interference but occasionally it can contribute 
to non-specific adsorption phenomena (O’Carra et al., 1973).
In the case of agarose gel, the most frequently used method is the cyanogen bromide- 
activation, which leads to a highly reactive cyanate ester. Subsequent coupling o f ligand to 
the activated matrix results in an isourea linkage. The latter is unstable under alkaline 
conditions and can lead to slow leakage of ligand, it is also protonated at physiological pH, 
which might imply ionic non-specific interactions (Yang and Tsao, 1982b).
Other common techniques in the chemistry of activation and coupling are based on bis- 
oxirane, carbonyldiimidazole, periodate, glutaraldehyde and divinyl Sulfone and a suitable 
method, to ensure stability, minimal modification o f the coupled ligand, and to avoid 
hydrophobic and ionic interference, must be chosen in different situations (Lowe and Dean, 
1974, Dean et al., 1985). The ligand density (moles o f ligand per unit volume of support) 
is an important parameter to be optimised in order to maximise the active capacity o f the 
affinity packing. Often this does not correspond to the highest level of ligand density 
achievable on the solid support (Harris and Angal, 1989).
2.3.3 Solute adsorption-elution and chromatographic media regeneration
Standard batch or column applications with high affinity systems (K d <10~SM )  are
basically on/off procedures, used for protein, enzyme and antibody purification.
Chemical parameters such as pH, composition and ionic strength o f the mobile phase, 
thermodynamic and physical factors such as flow rate and temperature are crucial for
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system performance and they are equilibrium characterising. Best conditions must be 
experimentally set to optimise specific adsorption while minimising interference and 
undesirable interactions. Once the product has been loaded and washed from weaker 
adsorbed contaminants, the elution can start by changing one or more chemical o f physical 
parameters. Ligate elution may be achieved for instance, adding an excess concentration of 
a free ligand competing compound (biospecific elution), changing mobile phase salts 
concentration, pH, temperature as gradient or step elution, sometime also by partial 
reversible denaturation o f the purified species (Yarmush and Colton, 1985). AC offers high 
selectivity, hence high resolution and usually also high capacity for the protein or general 
adsorbed species of interest. During AC processes, fouling is a serious problem, therefore 
after a few runs the adsorbent must be regenerated and washed of all the impurities 
accumulated. Gels are usually carefully washed with alternating acid and basic buffers and 
finally equilibrated with the buffer used in adsorption conditions. However, procedures 
vary according to type of sample and medium (Janson and Hedman, 1982).
2.3.4 Weak Affinity Chromatography (WAC)
When affinities are weak and lie typically in the mM range (K d- 10‘2 -  10-4 M, Zopf and 
Ohlson, 1990) chromatographic separation can be operated in a zonal mode where 
differences in dissociation constants between immobilised receptors and adsorbate species 
moderate the rate of transport through an adsorbent bed. The goal of this technique (WAC), 
first introduced and developed by Ohlson et al. (1988), is that the separation can be 
achieved under mild isocratic conditions. The basic theoretical approach is very similar to 
what has been introduced previously as solute movement theory. A pulse of solutes with 
weak affinity for the stationary phase will not be properly adsorbed but only slowed down. 
Competition for the binding sites among the solutes makes the more strongly bound 
substance pushing the less strongly bound one ahead. Due to ligand capacity limitations, 
these effects are useful when a trace component is weakly bound in the presence of a higher 
concentration of a contaminant more strongly adsorbed. Athough competition effects limit 
adsorbent capacity, they offer the possibility of using a competitive displacement effect to 
promote the elution of bound solutes.
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After loading the weaker solute a combination of higher concentration and affinity of a 
displacer solution can elute the weakly bound component significantly concentrated. 
Analytical applications reported by Leickt et al. (1997) and Ohlson et al. (1998) separated 
small saccharides using immobilised wheat germ agglutinin lectin in WAC mode and 
separated steroids containing sample on a IgM immobilised antibody column (Strandh et 
al., 1998). Computer simulations were made by Wilkstrom and Ohlson (1992) for single 
component elution under linear and non-linear weak adsorption conditions. They observed 
that the main reasons for the peak spreading are: slow kinetics of adsorption and 
desorption, large particle size (however considered less important than slow kinetics), 
strong affinity interaction and too high an immobilised ligand density. They also observed 
the typical reduction of retention with tailing peak, when injected solute concentration is 
high. Later, Hubble (2001) has provided a model, based on an equilibrium-stage and 
discontinuous loading process (feed treated incrementally) assuming a non-linear isotherm, 
describing the elution of two competing solutes. He showed that the elution o f two solutes, 
under zonal and frontal WAC, was characterised by displacement of the more weakly 
bound component by the more strongly bound, depending on concentrations and 
equilibrium constants.
2.3.5 Quantitative aspects
In AC favourable isotherms are usually encountered and systems are more complicated 
than conventional gas or liquid chromatography due to factors not always accessible for 
evaluation. Bed flow distribution, swelling, shrinking for soft gels during gradient elution, 
plus non-specific adsorption interference often make the process complex and 
irreproducible (Yang and Tsao, 1982b). The potential use o f AC systems can be evaluated 
using characteristic measurements such as the media capacity, equilibrium and rate 
constants o f adsorption and desorption. This can be done by traditional kinetic (relaxation 
studies, Bemasconi, 1976), equilibrium studies (equilibrium dialysis, Sheehan, 2000), gel 
filtration (Hummel and Dreyer, 1962) and zonal or frontal affinity chromatography 
(Andrew et al. 1973, Nichol et al., 1974) methods. The latter approach allows the study of 
the interaction with the immobilised ligand and practically with the same system, which 
would then be adopted for chromatographic application. Therefore if the biological
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interaction is under investigation to examine its potential in AC application, this method is 
the best candidate. Later in this Chapter relatively modem techniques developed for 
biomolecular interaction studies are described to assess and validate chromatographic 
applications (Isothermal Tritration Micro-Calorimeter (ITC) and a Surface Plasmon 
Resonance (SPR) equipment).
2.3.6 Ligand capacity and equilibrium constant determinations
How AC can be used for quantitative biomolecular interaction analysis is fairly intuitive. 
Looking at equation (2.4) in fact, the solute partition between the two phases (bound, free 
solute ratio) is obtainable from its retention volume. Under linear equilibrium conditions, 
the same approach is independent of sample concentration in zonal or frontal studies 
(Arnold et al. 1986). For non-linear systems it is not so straightforward. Arnold and Blanch 
(1986) assumed local equilibrium, considered mass transfer and kinetic limitations and 
presented solutions for zonal and frontal applications. However, while in FC the 
concentration is known and will be the same everywhere in the column at equilibrium, in 
ZC it is constantly changing along the column, therefore the FC approach is preferred. The 
determination of the equilibrium partition isotherm can be achieved with great accuracy 
when the column is brought to quasi-equilibrium with the solution in frontal 
chromatography (Jaulmes and Vidal-Madjar, 1989). Once the plateau is reached, the 
column is in a state o f dynamic equilibrium, and the situation is reduced to a simple 
equilibrium problem with a constant solute concentration CQ. The retention volume Vr is 
obtainable integrating the breakthrough curve
Vnr, the elution volume for a non-retained solute, is independent o f its loading concentration 











/ / ' / / ,
/,/Co(Vr-Vnr)
f r / / / /
y y y y y/  /  /  y
Eluted Volume
-0.2
Figure 2.8: Breakthrough curves for a non retained solute and a retained solute, the dotted area represents the 
amount o f retained solute bound to the stationary phase in equilibrium with the loading concentration C0.
From the reciprocal form of the Langmuir equation (2.7) the following is obtained,
When a single identical population of binding sites independent to each other and binding a 
solute with stoichiometry 1 to 1 can be described by a Langmiur isotherm, the FC approach 
and the double reciprocal plot (Lineweaver and Burk, 1934) 1!C0 • (Vr -  Vnr) versus 1 / C0, 
provides the system dissociation constant and the maximum binding capacity.
In 1986 Kasai and Oda using this approach concluded that AC could be studied at the same 
level of enzyme-substrate and showed how when Ca increases, Vr becomes smaller 
approaching Vnr for infinite C0. They also presented a method for calculating the 
dissociation constant (Ki) of inhibitors (counter ligands present in the mobile phase), 
through their ability to diminish the elution volume of ligates following the work presented 
by Nicol et al. 1974, under linear conditions. However a simple ligand-ligate system FC 
investigation does not need linear equilibrium assumption to identify the effective active 
number of moles of ligand and the dissociation constant for the AC system.The affinity
media efficiency can be defined as wor^inScaPacity  x jqO , where,
theroret.capacity
Theoretical capacity = immobilized ligand concentration x number o f binding sites, 
assuming unitary stoichiometry of binding.
I ,  K _ K <  1  , (2.23)
q c ' -(V - V  ) q C q“  o V r  nr J  “ max o  “  1max
2 4
Ligand efficiencies of 1% or even less are common for small ligands, on the other hand, 
macromolecular ligands, such as monoclonal antibodies, often show efficiencies in excess 
o f 10 % (Harris and Angal, 1989).
2.3.7 Experimental data evaluation, cooperative effects and the Adair model
When the equilibrium points of an affinity system are found with the FC approach the 
Lineweaver-Burk plot is not satisfactory mainly because it gives too much weight to 
measurements made at high concentration. The Eadie-Hofstee plot, obtained through a 
different manipulation of the Langmuir isotherm represents an alternative:
In 1949 Scatchard observed that when a single ligand binds to an oligomer protein with 
identical and non-interacting binding sites, a graph in which the ratio o f the concentrations 
o f bound and free ligand plotted against the concentration o f bound ligand will be linear. 
This is basically the situation described in equation (2.24).
These and other graphical methods were commonly adopted to describe experimental 
results. More recently numerical methods mainly based on linear and non-linear least 
square algorithms have replaced them for a direct and more robust evaluation of regression 
parameters through experimental data fitting procedures. However graphical approaches 
are still useful as indicators o f model assumptions viability (Johnson and Faunt, 1992). A 
non-linear Scatchard plot provides an indication of something wrong in the model 
assumption. In fact, it can usually be used in the investigation of cooperative effects among 
different populations of binding sites.
Positive cooperativity is characterised by the binding of solute to a first binding site 
promoting the following binding to a second site, while in negative cooperativity, the 
binding to one binding site inhibits the binding to the successive one. The Hill plot (Hill,
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1910) obtained again by equilibrium assumption M  + nX  = M X n, makes the most famous 
empirical cooperativity analysis between general receptor M  and n molecules of a ligand X.
K  l_ = >  - L - = M X jl = k  x »  (2.25)
M - X n 1 - 7  M
Log
1 - 7
= h-L og(x)+ L og(K a) (2.26)
7  is the fraction of occupied binding sites, X  is the ligand concentration, and h is the Hill 
coefficient, equivalent to the number of interacting population of binding sites. Negative 
cooperativity produces Hill coefficients smaller than one and concave Scatchard plots, 
instead convex Scatchard plots and sigmoidal adsorption isotherms, resulting from 
experimental data, indicate positive cooperativity, however those plots are not always 
readily interpretable and usable for cooperativity identification and quantification 
(Creighton, 1993).
First o f all, for a two binding site receptor the real association constants (intrinsic constant 
K°aX and K°al) must be distinguished from the measured ones (K aX and K al) which include 
statistical possibility factor influencing binding to the ith site.
A r _ = - 5 - p ! j : ;  (2.26)
Therefore in terms of intrinsic association constant cooperativity effects can be identified: 
for identical binding site acting independently K°aX = K °a2, while if  there is positive
cooperation K°aX < K°al and K°aX > K°al in the case of negative cooperation (Comish- 
Bowden, 1979).
At the beginning of the 19th century the scientific focus on haemoglobin uptake of oxygen 
drove Adair (1925) to discover that the protein is made up of four identical subunits with 
one oxygen binding site each, working in four separate steps, with four different affinities.
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Following Adair’s approach, in general if M  is the acceptor subunit with a dimeric 
structure, X  the ligand, Y the fraction of occupied binding sites,
XIX
Y  = ------------  (2.27)
M X + M
  (2-28)
M 2 X
K al = M lX l  (2.29)
02 M 2X X
with M X  = M2X+2 M2X 2 and M=2M2+M2X, the following equations expressing Y in 
function of apparent and intrinsic association constants are obtained
K ^ X  + 2KalK ^ X 2
I Q  + K^X + K ^ X 2)
TSO y  . TfO -rfO \ r  2y — ~1' A -o lA - g 2 ^  ( 2  3 1 )
l + 2K°alX  + K°alK°a2X 2
These are known as the Adair equations for a two binding site system and represent a more 
rigorous approach to investigate and quantify cooperation.
2.4 AC process scale up
AC industrial applications are mostly in the field o f purification of enzymes, plasma 
protein, monoclonal antibodies, hormones, and vaccines (Janson and Hedman, 1982).
For on/off processes, batch operation is often suitable for use on any scale. The adsorbent 
can be stirred directly in the sample, or suspended on it within a “tea bag” and then washed 
and eluted by changing the mobile phase.
The most convenient way of handling the AC adsorbent is to keep it packed in a column 
during all the steps required. This is particularly true on laboratory scale where volumes 
are small. In any separation it is important that the system is characterised and the 
resolution optimised before it is scaled up. This requires testing and optimising ligand
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features, ligand density, binding and elution conditions, and flow rate. For achievement of 
rapid high-resolution in large-scale chromatography, efficiency is sacrificed for process 
economy so it is common to work under overloading conditions and allow higher flow 
rates, increasing throughput. A practical macroscopic parameter used to quatify 
chromatographic processes is the productivity P, defined as the amount o f product 
separated in one cycle time per unit bed volume,
where Qr is the purity ratio, C0 is the sample concentration, Vinj- is the feed volume and tcycle 
is the whole process time (Yamamoto and Sano, 1992).
General guidelines for scale up are:
■ same grade of chemicals and same gel,
■ constant ratio sample volume to column,
■ same superficial velocity,
■ constant height bed, increasing only column diameter (Wankat, 1986)
The Van Deemter zone spreading expression (2.21) can be rewritten in a more detailed 
form for this situation:
where X is a particle geometric factor, dp is the particle diameter, y is the obstruction factor, 
co is a constant function of the porosity and Dm is the adsorbate diffusivity in the mobile




H  = 2 M p + 2 ^  + m (2.33)
phase. Equation (2.33) does not consider kinetic effects, if  eddy and axial dispersion
28
H  ~  d \  =>• N  °c 4 r  
'  rf2P
(2.34)
The number of stages required will be set by the affinity media selectivity and desired 
resolution, using equation (2.17). It follows that by keeping the L / d 2p ratio constant, 
different columns can be considered to perform similarly.
dp must be very small to obtain high performance, but with very small particles (4><10pm), 
pressure drop increases, mass transfer resistance is reduced and kinetic effects can become 
critical. Zone spreading is no longer inversely proportional to d 2p and equation (2.33) no 
longer applies. In the case of rigid packing material the pressure drop is kept constant by 
scaling up with constant L t d 2 ratio but this does not apply for gels that can be easily
compressed (Janson and Hedman, 1982). Gels usually present an upper limit in flow rate 
applicable. The longer and narrow the column, the higher the pressure drop and the smaller 
the volumetric flow rate will be, although wall effects must be considered to oppose the 
drag force, protecting the bed from compression. However this generally leads to scale up 
based on keeping column length (L) small and increasing the column diameter.
Standard chromatographic theory is not always applicable to affinity systems due to the 
isotherm's strong non linearity, possible secondary interactions and the need for very large 
sample loading in preparative scale. Therefore Wankat (1974) introduced the use o f a 
simple schematic representation of column operation based on the Martin and Synge model 
which allows a more accurate description o f the biomolecular interaction. This multi-stage 
model is based on discrete transfer and equilibrium step. Fractions of liquid are transferred 
to the next stage at each transfer step without mixing with each other. A mass balance for 
the adsorbed solute is needed for each stage after each transfer (loading) step coupled with 
the equilibrium adsorption isotherm to obtain the final elution concentration profile.
A more complex model which led to complete characterisation of the AC systems, in terms 
of both equilibrium and kinetic effects, is described by Chase (1984). He takes a similar 
approach to the Thomas* model (equation 2.19) and obtains an essentially identical 
solution, including kon and kQf f , all the physical and chemical rate determining factors,
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neglecting axial dispersion, and considering Ca constant (FC). Experimental and 
theoretical determinations o f Kd, qmax> and kon in batch adsorption were in good agreement 
in that the column simulations, using those values the model well fitted experimental data.
In 1985 Arnold et al. (1985a, 1985b), adopting a local-equilibrium theory, isolated the 
major effect of non linearity in zone spreading and developed a model including mass 
transfer and kinetic effects. They provided analytical tools for evaluating and predicting 
industrial scale AC column performance and obtained a useful set of design equations for 
adsorption, wash and elution in FC and a set of design equations with the assumption of 
linear equilibrium for ZC.
2.5 Adsorption and calorimetric studies
Adsorption-based separation processes, which are developed to separate or purify 
homogeneous mixtures, operate on the principle o f differences in adsorption potential 
(Tien, 1994). Selective retention of a component from a liquid or gas mixture by a solid 
material is known as adsorption (Treybal, 1968), that component diffuses from the 
gas/liquid phase to the solid phase. This is an operation that involves changes in 
composition of solutions and belongs to the mass-transfer operations family including 
absorption, distillation and filtration.
Apart from the differences in the structural realisation o f those unit operations, there are 
differences o f basic principle amongst them. Absorption is a bulk phenomenon in which 
solubility determine extent. Distillation separates mixture components based on their 
differences in volatility (a) but requires energy and is impractical when differences in a  are 
too low and finally, filtration deals with sizes of particles to be separated (Ruthven, 1984).
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2.5.1 Thermodynamics
Like chemical equilibrium, for a given adsorption reaction, if  £ is the extent of the 
adsorption, nio the initial moles o f each species (m is the number of species involved) and v, 
the stochiometric coefficient, the mass balance can be written,
ni = nio + i=l,2,...m  (2.35)
f  is an internal state variable, the equilibrium condition is met when
r d G N
JT,P
= °  (2.36)
o f
The Gibbs free energy G is defined as
G = X f t  ” , = X f t ( ”*, + v,4) (2-37)
»=1 /=!
jiij is the single specie potential, and in terms of the standard reference state fiiR,
f t  =J“« + 2?2’ ln(a„) (2.38)
where am is the activity coefficient at the standard reference state.
Defining AG° = '£ v jfj.jR (function only o f temperature) the equilibrium condition (2.36) 
becomes,
n i
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(2.40)
note that AG° = AH° -  TAS°, and finally
d ]n (K )_ A H °  < 0  exothermic: T increases, K  decreases (2 41)
dT R T 2 > 0 endothermic: T decreases, K  increases
where, K  is called equilibrium constant and changes with temperature according to the heat 
o f reaction, in the standard state.
2.5.2 The heat of adsorption
The heat of adsorption Q is usually identified as the heat released upon the adsorption o f an 
adsorbate by an adsorbent. If the adsorption takes place under isothermal conditions the 
heat of adsorption is the heat that has to be removed in order to maintain the system under 
isothermal conditions, while under adiabatic conditions it refers to the heat that raises the 
temperature o f the system. These two quantities are not the same. In a system of volume V, 
containing na moles o f adsorbent, ns of adsorbed adsorbate, nm of unadsorbed solute, 
isothermal and adiabatic heats of adsorption can be defined, (Ruthven, 1984). The 
isothermal heat of adsorption Q, is defined in the following relationship;
M .
dn.
= -A H° (2.42)
JP,T
Where ATP is the molar heat of adsorption.
In the case of adiabatic adsorption, the heat Qa is defined as
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Qn -  \c, + nmc nm + n c n„ )■s - f l  \  c m pm s ps  /
r d T ^
\  s JAdiab .
(2.43)
where cc, cpm, cps, are the heat capacities, respectively of the system, the adsorbed and the 
unadsorbed solute.
A more detailed description of the thermodynamic approach to an adsorption process and 
the mathematical implications, are given by Tien (1994).
2.5.3 Calorimeters
All chemical or physical processes are accompanied by a change in heat content that may 
be observed calorimetrically. Since the evolution of heat is proportional to the extent of the 
process, quantitative analytical information can be gained from it.
Calorimeters and microcalorimeters are today well-developed instruments by which various 
thermodynamic quantities such as free energy, enthalpy and entropy changes, partial molar 
heat capacities can be determined.
The attention of this work is focused on adsorption/desorption processes involved in 
biochemical interactions; particularly protein, small ligand interactions; this means low 
concentration (micromolar) systems, low enthalpy (micro-nanomolar), and extremely small 
amounts o f heat generated.
The high sensitivity required is provided by Isothermal Titration Calorimeters (ITC) and 
Differential Scanning Calorimeters (DSC). ITC technology will be described in greater 
detail, since it is the thermochemical instrument most suitable for the study o f bio­
adsorption reactions.
Biological reactions can easily be conducted isothermally, therefore ITC applications are 
far wider than DSC applications (Freire, 1990) also ITC provides a comprehensive 
description o f the binding phenomena in terms of
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■ Number of binding sites or stoichiometry («).
■ Strength o f association (Ka).
■ Cooperative effects characterisation.
■ Enthalpic-Entropic contributions to the free energy of binding.
■ Dependence on environmental conditions.
In a DSC two cells are mounted in a cylindrical adiabatic environment connected with the 
outside through narrow access tubes. Thermoelectric devices measure the temperature 
difference between the two cells and between the cell and the jacket.
Scanning up in temperature, DSC continuously measures excess heat capacity (ACp) from
the total heat generated as function of temperature. Several DSC applications o f protein 
folding, stability and formulation, conformational energetics o f biopolymers are today 
available (Connelly, 1994, Jelesarov and Bosshard, 1999).
In a ITC, there are again two cells enclosed in an adiabatic jacket, a syringe containing a 
ligand solution is titrated to a cell containing a solution o f the macromolecule at constant 
temperature. As the two substances interact, heat is released (exothermic reaction) or 
adsorbed (endothermic reaction) in direct proportion to the amount of binding. A constant 
power is applied to the titration cell and a reference cell kept at the same temperature. This 
means that if  for instance an exothermic reaction is happening in the sample cell, a 
feedback control system will decrease the power supplied to this cell to re-establish AT= 0 
between the two cells. As the macromolecule in the cell becomes saturated with added 
ligand, the heat signal diminishes until only background heat of dilution and mixing is 
observed. Control experiments are needed for real binding heat identification. A typical 
ITC exothermic interaction experiment generates the graph o f Figure 2.9. The total heat 
associated with each ligand injection is the time integral of the differential power adsorbed 
represented by the area o f each peak.
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Figure 2.9: ITC experiment, negative heat developed each injection is the area o f the peak, function of the 
volume, concentration o f the titrant injected. The exothermic effect decreases as saturation is approached 
increasing the volume titrated (number of injections).
ITC has a wide number of applications and its importance in biomedical research (e.g. in 
the selection of suitable drug candidates) is well recognised; the future of ITC will develop 
with more sensitive equipment and the development of kinetic theories for describing the 
calorimetric data (Holdgate, 2001, Thompson, 2000).
2.5.4 Mathematical approach to ITC data
For an interaction one to one of macromolecule A/and ligand X, at equilibrium,
M  + X  = MX  (2.44)
the equilibrium can be described by the association constant Ka,
= _M X _
“  M X
The mass balances for the total ligand and macromolecule are:
3 5
X t = X  + MX 
M t -  M X  f  M
(2.46)
(2.47)
Eliminating X  and M  from the three equations (2.45, 2.46, 2.47) and rearranging, gives a 
quadratic equation that can be solved in MX. The resulting expression for M X  is 
differentiated with respect to Xt to give the rate of complex formation as a function o f the 
total ligand concentration in the cell. The latter is related to the heat evolved (equation 
2.42) to give a differential expression for the heat developed after each solute injection. 
This can be integrated to provide an expression for Q as a function of Xt /  Mh Ka and AH°. 
The Q value can be calculated at the end of the i* injection ( Qt ) or the change of heat from 
the i-1 to the Ith injection AQf can be measured
a  a = a - G M (2.48)
With this differential approach, a non-linear least-square data analysis simulation reported
by Wiseman et al. (1989), plotting — —  versus—— , defined the best condition to be
AX M M m
adopted during the ITC experiment for a meaningful solution of the regression parameters 
on the base of one parameter “c”.
c = n - M t ■ Ka (2.49)
Figure 2.10 reports Wiseman’s results. For a tight binding (c —*), all ligand added to the 
cell is bound and the isotherm is rectangular of height AH°. When c is smaller (1 < c < 
1000), AH° and the other regression parameters (stoichiometry of binding n and association 
constant Ka) can be calculated by deconvolution of the area under the curve. Out o f the 




Figure 2.10: Simulated-binding isotherms varying the c parameter (defined in equation 2.49), differential 
approach by Wiseman et al. (1989).
In 1991 Sigurskjold et al. compared the regression analysis using the differential and 
integral heat expressions and observed that the two non linear least square fits do not yield 
the same results (except for AH°), particularly in terms of the standard deviation associated 
to them. For more reliable association constant determination the integral mode is more 
accurate while for the determination of the exact cell concentration the differential mode is 
better. Sigurskjold et al. (1991) choose the receptor concentration in the cell as a regression 
parameter instead of the stoichiometry of binding, introducing a method for an exact 
quantification of the active binding site independent from receptor conformation and 
valence.
2.5.5 Basic models for ITC data interpretation
One and two sets of independent binding site and two sequential and interacting identical 
sets of binding site are commonly accommodated in commercial ITC data evaluation 
software.
In a single set of identical binding sites, Ka is the binding equilibrium association constant, 
n is the stoichiometry of binding, Y is the fraction of occupied sites, Vceii the Volume of the 
ITC cell and the system of following equations is solved,
3 7
(2.50)
X , = X  + n Y M ,  
Q - n - Y  M , AH" -V ^
(2.51)
(2.52)
This yields the final expression for Q:
Q nM ,W °V „ u ^  X , [ 1
2 nM, nKaM,
(2.53)
Qt can be calculated at the end o f each injection for a set of values n, Ka and A I f  and 
corrected according to (2.48). The data fitting procedure would calculate these values and 
compare them with the experimental results, improving the parameters n, Ka and A t f  by 
standard non-linear least square methods.
In a two set o f independent binding sites, Kaj, Ka2 are the binding equilibrium association 
constants, nj, ri2 are the stoichiometries o f binding, 7/, 7? are the independent fractions of 
occupied sites, the system of equations becomes more complicated:
(2.54)
(2.55)
X , = X  + M , ■ {nxYx +n2Y2)
Q = M , V cell(nlYlAH l +n2Y2AH2)
(2.56)
(2.57)
In the two sequential and interacting binding sites model, the two apparent association 
constants are defined as follows
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and the total amount of ligand in the cell is
X  = X  + 2 -M X  (2.60)
Where the fraction of adsorbed solute Y is given by the Adair equation (2.30). A bisection 
algorithm is necessary to solve for X  and finally obtain an expression for the total heat 
developed while the ligand is binding to the macromolecule.
Q = M,Ve a -\FiAH l +F2(*H l + A H 2)] (2.61)
with the fractions o f bound ligang Fj and F2 expressed using equation 2.58 and 2.59
M 2X  K alX
' M 2 + M 2X  + M 2X 2 l + K ^ X  + K ^ K ^ X 2
F, = M 2X 2
K„,Ka2X
m 2 + m 2 X  + m 2x 2 1 + KmlX  + K j K n X-
(2.63)
A summary of the models and their features available in commercial ITC for data analysis 
are summarised in table 2.2. They are based on the mathematical approaches described and 
on the concepts introduced in 2.3.7. The situation with more than one population of binding 
site is simplified to a number o f 2.
Table 2.2: Possible binding models summary based on intrinsic and apparent association constants
Possible approaches Features
1 set o f site All sites energetically identical, the equilibrium is expressed by the Langmuir isotherm
■ No Cooperation: K°x = K°-> > Reduce to 1 set of site 
with stoichiometry = 2
Identical:
2 set of sites
■ Cooperation: K°x ^  K°-> 
Different and independent/^ * K°a^
A 
A
Positive: K°aX < K°al 
Negative: K°aX >K°al
2.6 Surface adsorption and Plasmon Resonance effect
Bio-molecular interactions between one species (ligand or receptor) immobilised on an 
optically active surface and the other flowing over it (analyte), can be investigated with 
Surface Plasmon Resonance (SPR) biosensor.
“Biosensors are analytical devices that respond selectively to analytes in an appropriate 
sample and convert their concentration into an electrical signal via a combination of a 
biological recognition system and a physico-chemical transducer” (Lowe et al., 1990).
At the interface of two transparent media with different refractive indices (RI), incoming 
light is partially reflected and partially refracted. Above a certain critical angle of incidence 
no light is refracted and an electromagnetic field penetrates the medium. In SPR at the 
interface between a glass surface and the biological surface in touch with the liquid (water) 
there is a thin layer of metal (gold). The monochromatic light reflected at a specific angle 
(SPR angle) of incidence is markedly reduced, exciting the metal delocalised electrons at 
the metal-biomaterial interface, this phenomenon is known as plasmon resonance (Homola 
e ta l., 1999).
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The SPR angle is extremely sensitive to the RI of the medium adjacent to the metal surface 
and it changes if something is binding to that surface. Therefore if the bio-surface is 
prepared to bind specifically one analyte, monitoring the angle at which resonance occurs 
provides an SPR adsorption profile (sensogram) with which changes in the surface 
concentration can be measured (Green et al., 2000).
This technique allows qualitative and quantitative analysis of biomolecular interactions in 
terms of following a molecule through purification for instance, studying equilibrium and 
kinetics of biomolecular interactions and determining the concentration of a particular 
active species (Rich and Myszka, 2000).
As in Affinity Chromatography there is a “matrix”, this time a biosurface (the most 
common for routine analysis is carboxylated dextran, commercially available as CM5 
microchip), must be activated for a specific ligand to be coupled. Progress in biomaterials, 
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Figure 2.11: Typical SPR response (sensogram), where adsorption, equilibrium and desorption phases are 
shown.
The SPR response ( R spr ) is expressed in an arbitrary unit RU, which has been related to
the specific amount of bound material with the equation 1000 RU=lng of analyte per mm2 
of surface (Stenberg et al., 1991).
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Analyte M  is injected into the cell as a finite pulse at a certain flow rate. In the cell ligand 
X  is present immobilised on the surface of a microchip. The interaction between the two is
monitored in real time. During the analyte injection, the SPR signal will increase as the 
adsorbate material increases, finally reaching a plateau, equilibrium. between the 
concentration of injected analyte and activated surface. At the end of the injection, buffer 
will wash away the bound analyte and the SPR signal will decrease (Figure 2.11).
The maximum binding capacity ( ^ )  can be evaluated from the total ligand sites
available on the surface (linked to the resulting response after ligand coupling) and analyte 
molecular weight,
x response after coupling x valence o f binding (2.64)
Adsorption, equilibrium and desorption can therefore be monitored as they occur,
kfis the mass transfer coefficient relating the movement of analyte from the bulk solution 
(Mtuik) to the active surface, kon and &0#are the adsorption, desorption rate constants.
fast and the first step of 2.65 can be neglected in the kinetic analysis.
Equilibrium determination can be carried out independently based on the plateau response
The adsorption and desorption rate equations can be written as follows and easily integrated
surface (2.65)
If kf is high, the transfer of analyte from the bulk solution to the bioactive surface is very
( R ^ r ) obtained at different injected analyte concentrations. If the interaction is one to one 
the experimental data can be written with a Langmiur isotherm as follows
* M - X  M (R s2 - R s™)
(2.66)
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_  U \ j f ( o S P R  DS PR \  u  d SPR
=  o n \  max ~ R  ) ~  K f f R (2.67)
(2 .68)
The main limitations on kinetic analysis are mass transfer effects. In fact the M-X
therefore if this process is very slow equations (2.67) and (2.68) are not valid and must be 
replaced by
The higher the diffusion coefficient of the analyte and flow rate with which the latter is 
taken through the cell, the more kf and mass transfer effects are less likely to be the rate 
determining step. Also, low surface concentration of binding site (immobilised ligand) 
affects the kinetics o f adsorption decreasing kon and making the mass transfer rate 
negligible with respect to the slow rate of adsorption.
Any SPR investigation aimed at kinetic analysis must consider mass transfer limitations 
and choose conditions to reduce their effects.
Low capacity surfaces are particular important for minimising mass transport effects but 
even under optimal experimental conditions, it might mot be possible to neglect these 
effects. Hence they must be considered in the rate equation as well as the kinetics of 
adsorption (Rich and Myszka, 2000). On the other hand, if  mass transport is the only 
limiting factor the binding signal is proportional to the concentration of active analyte, 
which can then be determined, if  its molecular weight and the diffusion coefficient are 
known, without standard instrument calibration.
In 1993 Karlsson et al. measured antibody concentration, immobilising a large amount of 
ligand and using a calibration curve, later also more complicated mathematical approaches 
when mass transfer is only partially limiting step have been introduced for concentration 
measurement with no calibration requirement (Christensen, 1997, Richalet-Secordel, et al. 
1997).
interaction is firstly mediated by the transfer of M  from the bulk solution to the surface,
(2.69)
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In protein concentration determination, spectrophotometric procedures are hardly 
applicable to unpurified samples, as they do not distinguish between active and inactive 
molecules. SPR is a valid alternative detection method to specifically identify the 
concentration of active species (Zeder-Lutz et a l , 1999). Plasmon resonance principle 
based detectors are already replacing RI and UV or light scattering detectors in some HPLC 
analytical investigation (Castillo et al., 1993, Cepria and Castillo, 1997) and SPR has also 
been employed on larger scale applications (Disley et a l , 1999, Braeewell, D. G., 2001) in 
monitoring and control of bioproducts.
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Chapter III
Preliminary Studies on Sugar-Lectin Interactions with Concanavalin A
3.1 Summary
Legume lectins generally consist of two or more subunits in a multimeric arrangement with 
each monomer usually considered to bind one specific monosaccharide. In this chapter 
results obtained for interaction between Concanavalin A (ConA) and monosaccharides 
using Frontal Chromatography (FC) and Isothermal Titration Calorimetry (ITC) suggest 
that each lectin monomer might well be capable o f binding more than one monosaccharide. 
FC was conducted with ConA immobilised on Sepharose 4B as the chromatographic 
media, using pnp-D-glucopyranoside (pnpg) and pnp-D-mannopyranoside (pnpm) as the 
adsorbing species. In the ITC experiments ConA solutions were titrated with D-mannose 
(D-Man) or D-glucose (D-Glc) solutions. Immobilised and free ConA interactions with 
monosaccharides were characterised and shown to he in the range of weak affinity 
interactions (dissociation constant in the order of 10-4 M). ConA-Sepharose was tested as 
an affinity matrix for monosaccharide fractionation in Zonal Chromatography (ZC) mode 
under isocratic conditions. Initial studies using media prepared by ConA immobilisation 
onto an anion exchanger cellulose (GDC-resin) were unsuccessful. However, commercial 
ConA-Sepharose 4B, packed in small columns, confirmed the possibility of using weak 
lectin/monosaccharides interactions for isocratic sugar separation.
3.2 Introduction
Concanavalin A (ConA) is a legume lectin which, at ambient temperature and neutral pH, 
comprises of four subunits o f 26-27 kDa held together by non-covalent interactions.
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Each subunit or monomer contains a single specific sugar binding site coordinated with one 
Ca2+ and one Mg24" with one hydrophobic cavity adjacent to the carbohydrate site (Liener et 
al., 1986). ConA will specifically bind both terminal a-linked D-glucose and N- 
acetylglucosamine; however, higher affinity is exhibited for D-mannose and. its glycosides 
especially trimannoside (Van Damme et a l,  1998). Mannose and glucose interactions with 
ConA have been widely investigated using different techniques and are usually quantified 
in terms of a binding dissociation constant, K j typically in the order of 10"* M. In 1981 
Clegg et al., using florescence techniques and temperature relaxation studies reported 
equilibrium and adsorption-desorption rate constants and binding enthalpies for p- 
nitrophenyl-D-mannopyranoside (pnpm), methyl-D-mannoside (mdm), methyl-D-glucoside 
(mdg) and ConA in solution. More recent isothermal titration calorimetric studies are also 
available on ConA titrated with D-Man and its oligomers (Swaminathan et al., 1998, Gupta 
et al., 1997). From these studies, D-Man and its derivatives are characterised by Kd values 
between 1 and 4x1 O'4 M with kon ~4- 5 M '1 s'1, kofr ~ 6- 12 s'1 and AH° ~ 4 -  9 kcal/mol 
while for D-Glc and its derivatives Kd > 6x1 O'4 M, kon ~5 M 1 s '1, kofr ~30 s'1, at 20-25°C.
Oda et al. (1981) studied the same biomolecular interactions investigating the elution 
breakthrough of ConA solutions throughout a column packed with p-aminophenyl-p-D- 
Glucopyranoside-Sepharose when competing ligand saccharides are present. Kd values of 
those soluble sugars and their derivatives for ConA are related to their ability to diminish 
the lectin elution volume, they are reported in Table 3.1 under their abbreviation (see table 
of abbreviations). These values show good agreement with previous findings, although the 
order of magnitude value for Kd show wider variation; from 10'3 M (D-Glc) to 10'5 M 
(pnpm).
Table 3.1: Dissociation constants for ConA-suears interactions, from Oda et al. (19811 work
Sugar pnpm mdm D-Man mdg D-Glc GlcNAc D-Gal D-Xyl D - F u c
Kd (mM) 0.014 0.47 0.2 0.22 1.5 7.2 260 300 510
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Quantitative performance of immobilised ConA on CNBr activated Sepharose-4B has been 
investigated by Ohyama et al. (1985) with pnpm a and p and respectively Kd -  1.8* 10"5 M 
and Kd — 1x 1 O'4 M were determined using a FC approach. Further studies on the separation 
and affinities achievable with an affinity support based on ConA, have been conducted by 
others, using an HPLC system with the lectin immobilised on small (10-50 pm) silica 
particles using glutaraldehyde activation. Muller and Carr (1984 and 1986) studied the 
elution of pnpm pulses in presence of different concentration of an inhibitor Methyl-D- 
Mannoside (mdm) and found Kd value (0.6><1 O^M) in agreement with previous work. 
However they also obtained distribution isotherms for pnpm using the breakthrough 
method that led to a concave upward final Scatchard plot, a sign o f heterogeneous 
interactions. The stronger affinity population was identified with the dissociation constant 
1.3*10-5 M, extrapolated from the same Scatchard plot. Using the approach first 
introduced by Horvat and Lin (1976, 1978) for linear system, Muller and Carr (1984, 1986) 
considered HETP influenced only by adsorption-desorption kinetics according to the 
following expression
2 • k 'u
HETP = H h„ = —  -------  . - f -7------  (3.1)
where k ' is the capacity factor, ka is the ratio between intraparticle and interparticle volumes 
and k0ff  is the dissociation rate constant. From experimental HETP values, particularly low 
values for dissociation rate constants (k0ff<  1 s'1) were found. Anderson et al. (1986) and 
Anderson and Walters (1986) worked on the same system of Muller and Carr with frontal 
and zonal applications arguing that the underestimation o f k0jf was probably a consequence 
o f overestimation of They believed that the contributions to the plate height of slow 
diffusion in the stagnant pores mobile phase were larger. Although they achieved 
equilibrium constants close to the ones obtained by Muller and Carr, their isotherms did not 
level off at high sugar concentration, therefore they assumed a second group of non-specific 
weaker sites simply adding a second term to the standard Langmuir equation.
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Immobilised ConA is now widely recognised as an effective system for fractionating and 
characterising N-linked sugar chains of glycoproteins (Merkle and Cummings, 1984, 
Kobata, 1992) and is also employed in large-scale applications (Janson et a l, 1982).
These are used in frontal procedures, exploiting the strong mono or multivalent interaction 
(Kd< 10*6 M) between the lectin and usually trimannoside terminal group(s).
So far, nobody used immobilised lectins for simple monosaccharide separations and very 
few o f these kind of applications lie in the general isocratic elution chromatography range 
of weak interactions (Ohlson et al., 1998, Strandh et a l , 1998). Therefore the use o f lectin 
affinity chromatography for small rare saccharides purification can be approached with an 
investigation o f a system based on ConA, characterising the interactions with the specific 
monosaccharide and the effectiveness achievable in its purification.
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Concanavalin A immobilised on Sepharose 4B was purchased from Amersham Pharmacia 
Biotech. (Buckinghamshire, U.K.). P-nitrophenyl-a-D-glucopyranoside (pnpg), -D- 
mannopyranoside (pnpm) -L-arabinopyranoside (pnpa), D-glucose (D-Glc), D-mannose (D- 
Man), L-fucose (L-Fuc), L-arabinose (L-Ara), lyophilised Concanavalin A (ConA) type IV 
highly purified from jack bean, salts, buffers, cellulose dialysis tubes (12 kDa cut off), 
Bradford reagent and BSA standards were obtained from Sigma Chemicals Ltd (Poole, 
UK). For protein concentration determination, a UV-1601 detector (Schimadzu, 
Wolverton, U.K.) was used. PVDF/PE syringe filters 0.22 jim bought from Millipore 
(Watford, U.K.), the solvent was always ultrapure water from an ELGA Purelab Option 
Unit (Bucks U.K.) and GDC-resin, a DEAE-cellulose matrix, was a gift from DANISCO- 
Cultor (Kantvic, Finland).
Chromatographic experiments were conducted with two systems: an automated FPLC from 
BioRad (Hertfordshire, U.K.) with integrated acquisition and elaboration data software and 
a manual HPLC system from Anachem (Luton, U.K.) equipped with VisiDaq acquisition 
data card and software from Advantech (Southampton, U.K.).
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Isothermal titration microcalorimetric (ITC) experiments were performed using OMEGA 
Microcalorimeter VP-ITC from MicroCal (Northampton, USA) supplied with a 
thermostated samples degassing unit (ThermoVac), 290 pi automatic syringe and Origin 
Software for data analysis.
3.4 Interactions characterisation: Methods
Concanavalin A interactions with monosaccharides; D-Man and D-Glc were determined in 
solution titrating the lectin with the sugars using the isothermal microcalorimeter.
Due to the importance of knowing ConA concentration during ITC experiments, a brief 
investigation of methods for the measurement of protein concentration was carried out. 
Finally the affinity interactions between the two monosaccharides and ConA, immobilised 
onto Sepharose 4B and packed in small columns were characterised using Frontal 
Chromatography (FC) method.
3.4.1 Total protein concentration determination
Calibration of the spectrophotometer was performed at 280 nm for raw protein solutions 
and at 595 nm with the Bradford assay (Bradford, 1976).
BSA standards and ConA powders were dissolved in Phosphate buffer pH 7.4, containing 
150 mM NaCl and 0.02 % NaN3 and were diluted and used for the instrument calibration. 
Wavelength adsorption scanning procedures, for one ConA sample (1 mg/ml) and one p- 
nitrophenyl-a-D-Glucopyranosyde (10 jiM) were run and results compared.
3.4.2 ITC experiments
The OMEGA ITC reference cell was filled with water and the instrument calibrated firstly 
using standard electrical pulses as described in the manual and then using a calibration kit 
containing ribonuclease A and cytidine 2-monophosphate supplied by the manufacture.
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The buffer used in these application was 50 mM MOPS buffer pH 12-1A  containing 0.5 
mM CaCl2, 0.5 mM MnCl2, 0.5 mM MgCl2, 150 mM NaCl and 0.02% NaN3. Solid ConA 
was dissolved in that buffer then dialysed against the same buffer at 4°C, filtered with 
PVD/PE syringe filters and monomer concentration adjusted to 0.15 mM.. Titrant sugar 
samples o f D-Mannose and D-Glucose were diluted to a final concentration of 12.2 and 24.4 
mM respectively. Titration were run at 20°C and all the samples degassed at 15°C with a 
ThermoVac unit, while the cells were thermostated at 18°C to allow buffers in the cell and 
syringe equilibrated to the same temperature at the start o f the experiment. Titration started 
with a first equilibration 2 pi injection to eliminate diffusion effects, which might have 
taken place at the bottom of the syringe needle. Then 54 injections of 5 pi of sugar solution 
were automatically added at 2 minutes intervals into the lectin solution stirred at 300 rpm. 
The heat evolved after each injection is measured by the cells feedback network as 
differential heat effects between sample and reference cell.
Control experiments were carried out by identical sugar injections into a cell containing 
buffer without protein and the relative heats of dilution and mixing subtracted from the 
heats of binding relative to the real titration experiment.
Final experimental results, represented by heat developed versus cell ligand/lectin ratio, are 
fitted using one and the two sequential binding sites per monomer models, available in 
Origin ITC Data Analysis Software, based on a non linear least square curve fitting 
procedure, Levenberg-Marquardt algorithm (Marquardt, 1963).
3.4.3 FC experiments
Two 3 x 100 mm columns were slurry packed with commercial ConA-Sepharose-4B, 
pnpm and pnpg affinity for this affinity media was investigated by Frontal 
Chromatography, by loading them (feed concentration range between 1.7 and 0.02 mM) at 
0.1 ml/min. Experiments were carried out at room temperature (~20°C), using 20 mM Tris 
buffer pH 7.2-7.4 containing 0.5 mM CaCl2, 0.5 mM MnCl2, 0.5 mM MgCl2, 150 mM 
NaCl and 0.02% Thimerosal as the mobile phase. The column used for pnpm was operated 
in an automated BioRad FPLC system with Biologic Optics Module OM-10 at 280 nm and
50
AV7-3 injection valve. The second column for pnpg FC experiments was operated with a 
manual HPLC; pump, Rheodyne injection loop and a continuous flow cell UV 116 detector 
at 305 nm; frontal loading was realised using large injection loops.
The breakthrough curves response from frontal loading was normalised to the plateau value 
for each run and the dimensionless output C/C0 obtained. The retention volume Vr was 
calculated integrating the breakthrough curves as described in Chapter II. Different 
concentrations of p-nitophenyl-arabinopyranoside (pnpa), chosen as non specific sugar, 
have been applied to the two columns to calculate the non-retained solute elution volume 
{Vnr), columns voidage was not experimentally determined but it is assumed to be 0.32, 
based on commonly reported values. For each loading concentration CQ the amount of 
bound sugar at equilibrium is therefore easily calculated by C0(Vr Vnr)  and dissociation 
constant (KJ) and maximum binding capacity (qmax) identified for the two affinity systems, 
fitting the data with Langmuir equation using non linear least square algorithm with a 
commercial software package (Scientist Micromath, Ltd).
ConA-Sepharose sites heterogeneity was investigated from Scatchard plots and 
speculations on the possible cooperativity among two populations of binding sites, made. 
The equilibrium data; Y (= q / qmax) versus C0 were also fitted using a two sequential 
binding site model (equation 2.31). The two resulting microscopic association constant 
were the model regression parameters and were subsequently used as input values in a 
simple multi-sectional equilibrium model of column performance, where the column is 
treated as a series of N  equilibrium stages in which the mass balance for each stage (Figure 
3.1) can be written as in equation (3.2). Coupling the mass balance (3.2) with the Langmuir 
isotherm (3.3), the concentrations o f adsorbed and free solute in equilibrium at each stage 
are obtained in (3.4) and in (3.5). In Figure 3.1, the subscript i indicate the equilibrium 
stage, j  expresses the initial condition (7), and equilibrium conditions (2). In the mass 
balance, e is the external void volume fraction and as is the stationary phase volume 
fraction (7- e).
51
i = 1 ,..,N  stages 
J  = t , 2
Figure 3.1: Single equilibrium adsorption stage adopted in the multi-sectional model, schematic 
representation.
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When the isotherm (3.3) is the Adair equation the problem can be solved with a bisection 
algorithm, the model was coded in Power Basic (listing in Appendix A).
The number of equilibrium stages was determined experimentally from the pnpg elution 
peak. The resulting C/C0 profile was compared with that obtained using the same model 
based on a single binding site equilibrium Langumiur equation (program listing in 
Appendix A) and with the experimental profile.
3.5 Immobilised ConA for monosaccharides Chromatography: Methods
Concanavalin A interactions with monosaccharides have been characterised and classified 
in the range o f weak biomolecular interaction with Kd values between 10‘2 and 10^ M.
A Weak Affinity Chromatography (WAC) approach, first introduced by Zopf and Ohlson 
(1990), would therefore enable rapid separations throughout an immobilised ConA column 
bed, between similar molecules (monosaccharides) under isocratic elution conditions.
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Two affinity media were tested based on ConA; the first one was obtained immobilising 
ConA on a DEAE anion exchanger cellulose resin and the second was a commercial 
preparate o f ConA covalently immobilised onto Sepharose 4B using cyanogen bromide 
activation and coupling.
3.5.1 ConA immobilised on an anion exchanger
A number of buffers were tested over a range o f pH values between 4.5 to 8, and buffer 
capacities between 2.5 to 20 mM to optimise the ionic adsorption of Con A onto GDC- 
carrier, a DEAE-cellulose resin. 50 ml of buffer was placed in a stirred tank and 
temperature controlled by a water bath. 0.1 ml of highly concentrated ConA solution (50 
mg/ml) was added in the stirred tank with 1 ml of resin, gently stirred. Protein 
concentration was monitored using a UV-Detector previously calibrated (280 nm) linked to 
a personal computer. Trace quantities of MnCl2 and CaCl2 are included in the binding 
buffer and in some cases 1 mM of D-Mannose was added, to protect ConA affinity binding 
sites. A glass column 6 x 450 mm was then slurry packed with GDC-resin. As suggested 
by Danisco the column was washed with four bed volumes o f 2% caustic soda, 25-30 bed 
volumes of deionised water, 3 bed volumes of 0.25 M sodium acetate buffer (pH 4.5), and 
again several deionised water bed volumes. Finally equilibrated with the binding buffer 
(2.5 mM Bis-Tris pH7.4 with 0.02% of sodium azide and 1 mM of CaCb and MnCk). The 
column was loaded with ConA at room temperature and with a flow rate o f 1 ml/min and 
final ConA concentration: 5, 10, 15, 20 mg per ml of resin were obtained and investigated. 
Sugar samples of 50-200 pi were injected through the column with and without lectin at 
flow rates between 0.2 ml/min and 1 ml/min. Concentrations between 0.04 to 1 mg/ml o f D- 
Man, D-Glc and D-Fru, both singly and in a mixture, were injected and the concentration in 
the column effluent monitored using an RI detector.
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3.5.2 Commercial ConA-Sepharose.
The biospecific adsorbent ConA-Sepharose 4B supplied by Pharmacia Biotechnology was 
prepared, packed, stored and regenerated in accordance with manufacturer’s 
recommendations. The binding buffer was 20 mM Tris-HCl, pH 7.4 containing 150 mM 
NaCl, 0.5mM of MnCb CaCl2 and MgCl2 and 0.01 % o f Thimerosal as preservative.
Gel storage was at 4°C with 0.1 M acetate buffer pH 6 containing 1 M NaCl, ImM CaCh, 
ImM MnCh, 1 mM CaCl2 and Thimerosal 0.02%. Usually after four-six weeks o f use, 
ConA-Sepharose was regenerated for re-use by washing the gel alternatively with 3 column 
volumes o f 0.1 M Tris Buffer pH 8.5 and 0.1 M acetate buffer pH 4.5 both containing 0.5 
M NaCl. This cycle was repeated 3 times followed by equilibration in binding buffer as 
suggested in the Pharmacia instruction sheet. To avoid bed compression the manufacturer 
suggested 75 cm/h as maximum superficial velocity. Using a Shimadzu HPLC, two, slurry 
packed under mild vacuum, ConA-Sepharose stainless steel columns (4x114 mm and 
4.4x250 mm) were tested using zonal elution experiments at room temperature and 
relatively high flow rates. Injections of different monosaccharide combinations were made 
using 20, 10 and 5 pi loops with flow rates between 0.20 and 0.5 ml/min to allow the 
possibility of sugar separation under isocratic conditions to be investigated.
3.6 Protein concentration determination: Results and Discussion
Absorbance at 280 nm gave the same calibration curve for BSA and ConA standards, 
represented by points and linear regression shown in Appendix B, evidence of the very 
close extinction coefficient for the two proteins. Calibration curves using the dye-binding 
assay (Appendix B) gave different results for the two proteins. Bradford assay results can 
vary with the amino acid composition and can be influenced by glyco-groups (Harris and 
Angal, 1989) likely present in protein molecules. Thus BSA was probably not the best 
standard in this case, also due to different level of glycosylation the use of a different lectin 
for calibration is not ideal.
Difficulties in expressing lectin molar concentration are due to a number o f factors; 
principally these glycoproteins are usually a mixture o f different subunit aggregates in
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equilibrium with each other (monomer/dimer, dimer/tetramer etc.), in terms of sugar 
specificity, only part of the total protein may be active in solution and ideally that fraction 
needs to be known. Lectin sample relative activity can be quantified as the number of 
active binding sites (or active monomer * stoichiometry n o f binding) per total content of 
protein.
Although at physiological pH and room temperature ConA is predominantly a tetramer, its 
concentration is expressed in terms of monomer concentration with the monomer molecular 
weight of 27.000 Da, (Liener et a l , 1986, Van Damme et al., 1998).
For ConA concentration determination simple UV adsorption was used and therefore the 
relative instrument calibration employed. To remove very small fragments and large 
aggregates, samples were firstly dialysed (10 kDa cut off) against the same buffer, then 
filtered through a PVDF/PE syringe filter 0.22 pm.
In Appendix B the absorbance at variable wavelength for ConA and p-nitrophenyl- 
glucopyranoside equimolar solution are also reported and compared. This highlights that at 
305 nm the lectin has much lower absorbance than the pnp-derivative and provides a basis 
for the UV detection of pnp-derivative in the presence of lectin.
3.7 ITC experiments: Results and Discussion
To be effectively detected, low affinity binding requires high protein concentration (C) as 
well as high ligand (titrant) concentrations. The ideal conditions for reliable determination 
o f affinity should be chosen with the concentration of the protein around the dissociation 
constant Kd value and with the c parameter (c= C • K d -n ) between 5 and 100, however for 
weak interactions this is not always possible due to macromolecule solubility and 
aggregation limits, (Holdgate, 2001). Expecting a Kd value o f circa 1 O'4 M, 0.15 mM ConA 
in the ITC cell seemed reasonable despite the low value for c (assuming unitary 
stochiometry of binding, n=l). This requires high concentration of titrants: 12.2 mM for D- 
Man and 24.4 mM for D-Glc for appreciable heat developments.
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While resultant experimental conditions do not lie on the ideal titration range (Wiseman et 
a l , 1989) they resulted in excellent raw ITC plots where binding of monosaccharides is 
evident throughout the titration towards complete saturation.
Figure 3.2 shows ConA titration with 54 injections of 12.2 mM D-Man solution with data 
fitted with one (Figure 3.2, left) and two sequential set of biding sites (Figure 3.2, right). 
The single binding site model gave a good fit with reasonable values for the 
thermodynamic and affinity constants except that the stoichiometry value n was greater 
than 1. From the data obtained after each injection it is possible to calculate the amount of 
bound ligand and generate a Scatchard plot (Figure 3.4, left) whose non perfect linearity 
suggests the existence of an heterogeneous population of binding sites, (Zierler, 1989). 
Data generated from ITC-Origin software and calculated points for Scatchard plots relative 
to D-Man titration are reported as example in Appendix C, all the others titrations in this 
work are o f the same format and follow the same logic. Using a two sequential binding site 
model, the results, reported on the right hand side of Figure 3.2 in terms of Kaj and Ka2 are 
apparent binding constant, therefore the intrinsic constants can be evaluated with the 
statistical factors and they result to be K°aX = 3519M-1 and K°al = 2018 M '1 which shows 
negative cooperation.
Similar results are obtained when ConA is titrated with D-Glc solutions. The single binding 
site model gives a good fit (Figure 3.3, left) but again the final stoichiometry n is larger 
than 1. The final Kd value of 4x1 O'3 M seems to be particularly high (extremely weak 
interaction) and the Scatchard plot (Figure 3.4 right) is not again very helpful for verifying 
the model assumption or identify any cooperation effects. The second fit with the set of 
two sequential binding site model reported in Figure 3.3 (right) might be a more reasonable 
interpretation of the results. Negative cooperativity is again observed as in D-Man titration, 
from the values o f intrinsic constants ( K°a] = 480M~l and K°2 = 308M ~l) calculated using 
the statistically modified apparent values.
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Figure 3.2: 0.15 mM of ConA titrated with D-Man (12.2 mM) at 20 C. Left: One single binding site model. 
Right: Two sequential binding site model. The parameter results and relative errors are summarised: N 
(Stoichiometry), K (association constant [M 1] ), AH (Enthalpy [cal m ol'1] ), AS (Entropy [cal m ol'1 K '1] )
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Figure 3.3: 0.15 mM of ConA titrated with D-Glc (24.4 mM) at 20°C. Left: One single binding site model. 
Right: Two sequential binding site model. The parameter results and relative errors are summarised: N 
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Figure. 3.4: Left: Scatchard plots for D-Mannose titration. Right: Scatchard plot for D-Glucose titration. After 
each injection, Y is the fraction of occupied sites over the total number o f binding site and X is the total free 
ligand concentration.
The very high ligand/receptor molecular ratio needed to achieve saturation, compared to 
common values of maximum 2.5 for a c parameter below 10 (ITC user manual) and the 
lack of perfect linearity of Scatchard plots, suggest that the assumption of a single 
population of weak binding sites, described by a standard Langmuir adsorption isotherm, is 
not valid. However, the possibility of poor purity of commercial ConA could have affected 
results and must be considered as well.
Although between 5 to 9 hydrogen bonds (directly or through water molecules) are usually 
involved in monosaccharide-legume lectin binding, generally in the case of protein-ligand 
interactions, these are mainly mediated by hydrophobic nature (Srinivas et a l , 1999). A 
two step association consisting of the mutual penetration by the ligand of hydration layers 
causing disordering of the solvent followed by short-range specific interactions (Ross and 
Subramanian, 1981) could provide a realistic description of the phenomena observed here. 
In fact the positive high entropy values (ASi=10.6 cal mol'1 K'1, for D-Man ASi=8.9 cal 
mol'1 K '1 for D-Glc) associated with the first population of binding site with respect to the 
lower values (AS2= 0.7 cal m ol1 K '1, for D-Man. AS2= -3 cal m ol1 K'1 for D-Glc) for the 
second, shows the energetic importance of solvent molecule reorganisation at the start of 
the interaction. According to this concept when the first binding “step” is over with the 
most of solvent reorganisation around the protein established, some ConA promoter would
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be able to accommodate another monosaccharide probably with more hydroxyl groups 
available for binding, since | AH2 1 > | AHi | .
Derewenda et al. (1989) and Loris at al. (1989) elucidated, at atomic resolution, the crystal 
structure o f both ConA-methyl-a-D-mannopyranoside and ConA-trimannoside complexes. 
These results identified all the key features of binding in terms of the linkages between one 
sugar molecule carbons and key lectin aminoacids. However since the binding site can 
accommodate a trimannoside molecule, it is possible that more than one small 
monosaccharide molecule could be bound with weaker affinity. An isothermal calorimetric 
titration study with ConA carried out by Williams et al. (1992) suggests that binding can 
occur through a number of distinct sites instead of a single high affinity site. In any case, 
according to the assumptions made, a monomer with one “large” binding site or more than 
one standard binding site results in a system stoichiometry greater than 1.
3.8 FC experiments: Results and Discussion
Frontal loadings of a number of different concentrations of pnpm and pnpg through two 3 * 
100 mm ConA-Sepharose 4B columns are shown respectively in Figure 3.5 and 3.6.
From these breakthrough curves the retention volume Vr relative to each concentration 
loaded CQ is calculated. The non-retained elution volume Vnr -0 .85  ml does not change 
with injected pnpa concentration in the first column (Appendix B). The bed volume is 0.7 
ml and the higher value of retention for pnpa is likely to be mainly due to extra-column 
effects rather than to non-specific interaction. For the second column operating with 
different equipment, the extra column void effect is even higher due to the longer internal 
tubing of the UV 116 respect to the smaller FPLC optical unit, employed for the first 
system. 0.37 mM of pnpa was eluted with a retention of 0.91 ml. However if  the extra 
column dead volume affects the breakthrough curve shape, it has the same effect on the 
final value of retention volumes and no influence on the final amount of adsorbed solute 
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Figure 3.5: FC curves for 3x100 mm ConA-Sepharose 4B glass column. Non retained pnpa breakthrough 
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Figure 3.6: FC curves for 3x 100 mm ConA-Sepharose 4B glass column. Non retained pnpa breakthrough 
curve first on the left and 8 breakthrough curves for pnpg at different loading concentration (in the legend).
All data and calculated results relating to these experiments are given in Appendix B. The 
final results: experimental equilibrium points (q, C) and relative Langmiur isotherm fits are 
summarised for pnpa and pnpg in Figure 3.7.
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Figure 3.7: Pnpm and pnpg experimentally calculated adsorption equilibrium points from FC method and 
Langmiur fitting curves calculated with Scientiest software package.
The suggested capacity for ConA-Sepharose (between 3 and 7><1 O'5 M), given on the 
manufacturer’s data sheet is more than 10 times lower than the value determined here, but 
this was determined for a larger adsorbate molecule (porcine thyroglobulin, MW=660.000 
Da). Assuming ConA immobilised on the gel is 100 % active and assuming (from 
manufacturer’s specification) 15 mg of ConA per ml of Sepharose, based on ConA 
monomer and one binding site per monomer, the theoretical maximum binding capacity is 
approximately 6x1 O’4 M. The experimentally calculated maximum binding capacity (in 
close agreement for both systems) was 30 % higher than the maximum theoretical value. 
This over capacity could be related either to hydrophobic interactions of sugar derivative 
phenyl group with ConA, which however were not enough to delay non-specific pnpa 
elution, or to a partially extended specificity of ConA monomer. The fact that the voidage 
e was not measure and assumed to be 0.32, could have affected the final results as well as 
other experimental errors such as flow rate accuracy, however as the different systems give 
similar results this is unlikely. The dissociation constants obtained, Kd -  3.5X10'5 M for 
pnpm and K j = lJx lO -4 M for pnpg are lower than ITC results, reported in the previous
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section, also lower than other solution values found in the literature for the interaction of 
ConA with D-Man and D-Glc amd summarised in the introduction of this chapter. On the 
other hand they show closer agreement with the literature chromatographic results for 
immobilised ConA- pnp-monosaccharides interactions. This reinforces the view that the 
phenyl group might play a role in binding when associated with some other specificity. It 
also appears that the overall biochemical selectivity of ConA is not altered by 
immobilisation on agarose based gels.
The Scatchard plots (q/CQ vs. q, Figures 3.8) suggests the possibility of a cooperativity 
within an heterogeneous population of binding sites, therefore the equilibrium data for 
pnpg; Y (q / qmax) versus Ca were fitted with Scientist software package adopting a two 
sequential binding site Adair equation (2.31). The result is a good fit reported in Figure 3.9 
with the intrinsic equilibrium constants describing a positive cooperativity.
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Figure 3.8: Right: Scatchard plot from FC data describing pnpm partition between ConA stationary phase and 
liquid mobile phase. Left: Scatchard plot from FC data describing pnpg partition between ConA stationary 
phase and liquid mobile phase.
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Figure 3.9: Two binding sites Adair model, experimental data points q and fitting curve (dashed line). 
K°ai , K°al are the resulting intrinsic association constants, fitting regression parameters.
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Also, the experimental breakthrough curves for pnpg were compared with the breakthrough 
curves obtained using a multi-sectional equilibrium model based on a Langumiur 
adsorption equation with relative K j input and based on the two binding sites Adair 
equation and relative K°aX, K°a2 inputs. A number of 30 equilibrium stages was obtained
from zonal application of diluted pnpg samples into the 3X100 mm ConA-Sepharose 
column and used in the multisectional model. This comparison is summarised for six 
different pnpg concentrations in Figure 3.10 and the Adair model gives a better fit, although 
at high concentrations the two predictions overlap. The same observations were not made 
for pnpm because the simple multisectional equilibrium model seemed not to give a good 
description for the stronger affinity pnpm-ConA system with both the one and two binding 
site model assumptions.
3.9 ITC-FC comparison
Parameters such as strength o f interaction and maximum binding capacity are obviously 
essential for system characterisation and prediction of the viability o f the separation. From 
both ITC titrations and FC experiments Concanavalin A showed weak specific interactions 
with glucose, mannose and their derivatives, associated with a certain level of binding 
heterogeneity. While the titrations experiments suggest a second population of weaker 
binding sites (negative cooperativity), FC experiments show positive cooperativity. 
Despite the apparent contradiction both sets of results are in line with literature data, so 
final absolute conclusions can not be made. Extended specificity, hydrophobicity, solvent 
reorganisation and any other weak side effects of biomolecular interactions are not 
negligible when associated to weak affinity interaction and can be influenced by the 
different environmental conditions. It is very difficult to find a single parameter, which can 
describe lectin-monosaccharide interactions, and it can be obtained only as a compromise 
o f approximations and assumptions. It was felt that further investigation or speculation 
would not reach the objectives of this project. It is important though that ITC for free 
lectin-monosaccharide and FC for immobilised lectin-monosaccharide were shown to be 
quick and effective in providing a detailed picture of their biological interaction and a 
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Fig.3.10: Experimental breakthrough curves o f different pnpg concentrations loaded into Con A-Sepharose 
4B column (black curves) and multi sectional model results adopting one binding site Langmuir equation 
(orange curves) and two sequential binding sites Adair equation (blue curves). X-axis: elution volume 
fraction (V/Vbed), Y-axis: C/Ca.
3.10 Performance of ConA-GDC resin: Results and Discussion
Agrawal and Goldstein (1968) and Pazur et al. (1996) investigated the physiochemical 
properties of ConA and reported the p i  of ConA at pH 7.2. This is confirmed by another
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study by Wang and Edelman (1978) who investigated the stability of ConA and covalently 
cross-linked ConA derivatives. The best ConA ionic immobilisation onto the DEAE- 
cellulose beads with minimum aggregation and lectin stability problems, was obtained 
using BisTris buffer 2.5 mM pH 7.4 containing 0.25 mM MnCL and 0.25 mM CaCL. 
ConA was not significantly eluted by changes in ionic strength but pH values below 5 led 
to significant displacement. Ionic coupling between GDC-resin and ConA has shown a 
binding capacity of more than 20 mg o f ConA per ml o f dry cellulose during batch anion 
adsorption (experimental equilibrium data in Appendix B). When zonal chromatography of 
a monosaccharide mixture were performed, at different immobilised ConA densities, flow 
rates and sugar sample concentrations no separation was detected. Even when dextran was 
injected, its elution was unaffected by the presence o f the affinity ligand. Dextran is a large 
polysaccharide with many specific groups, able to interact with immobilised ConA 
resulting in polyvalent interactions, collectively much stronger than corresponding 
monovalent interactions (Elgavish and Shaanan, 1997, Mammem et al., 1998). Therefore if 
Dextran is not bound on the affinity packing it is unlikely to be active. It is clear that sugar- 
binding sites of ConA are directly affected by ionic interactions, so much that the lectin 
completely looses its sugar binding affinity. Loading o f ConA onto the GDC-resin in the 
presence o f its specific “counter-sugar” to protect the binding site did not solve the 
problem.
Other workers have used ConA-cellulose beads as an affinity chromatography medium 
(Mislovi&va et al. 1995 and Gemenier et al. 1998) but in these cases the coupling between 
protein and cellulose support was always covalent.
3.11 Performance of ConA-Sepharose: Results and Discussion
Proof that ConA-Sepharose is an efficient affinity adsorbent for monosaccharides was 
demonstrated under isocratic conditions exploiting their weak interactions. Reasonable 
separation was obtained by decreasing the injection volume from 20 to 5 pi leading to the 
identification of the sample volume as a critical parameter in experimental design as 
generally expected in low capacity and non linear systems. With 5 pi injections quite broad 
peaks were obtained at a flow rate of 0.2 ml/min, increasing the flow rate to 0.25 ml/min
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and then 0.3 ml/min induced a loss of resolution and efficiency. L-fucose (L-Fuc) and L- 
arabinose (L-Ara) were not retained, D-Man showed, as expected, the highest binding, 
while D-fructose (D-Fru), which was expected not to be retained, showed higher affinity 
than D-Glc. Some chromatograms obtained from injecting monosaccharides mixtures of 1 
and 0.5 mg/ml at different flow rates are shown from Figure 3.11, to 3.14. Other 
chromatograms are in Appendix D and from those, retention times (tr), peaks widths (W), 
for L-Ara, L-Fuc and D-Man and HETP values (H) for D-Man, are measured and the results 
summarised for different flow rates in Tables 3.2 and 3.3 (calculations are based on the 
classical equilibrium Plate theory). Early investigation with the short column (4 x 114 mm) 
did not give high resolutions but clearly showed differences in interactions between packed 
ConA-Sepharose and monosaccharides (Figure 3.11), while significant improvement was 




Figure 3.11: (a); Affinity chromatography o f 5 pi mixture containing 0.5 mg/ml L-Fuc, 0.5 mg/ml D-Fru. (b); 
Affinity chromatography o f 5 pi mixture containing 0.5 mg/ml L-Fuc, 0.5 mg/ml D-Fru, 0.5 mg/ml D-Man. 




Figure 3.12: Affinity chromatography o f 5 pi mixture containing in elution order 1 mg/ml o f L-Ara, 1 
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Figure 3 .13: Injection o f 5 pi mixture containing in elution order l mg/ml o f L-Ara, l mg/ml o f D-Glc, l 
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Figure 3.14: Injection o f 5 pi mixture containing in elution order 1 mg/ml o f  L-Fuc, 1 mg/ml o f D-Glc, 1 
mg/ml o f  D-Fru and 1 mg/ml o f D-Man. Flow rate 0.2 ml/min, 4.6 x 250 mm column.
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Table 3.2: ConA-Sepharose 4 * 114 mm column. Data from Zonal Chromatography experiments with














0.20 6 17.5 8.5 22.5 1.2 0.43
0.25 4.5 14.5 7 17.5 1.05 0.49
0.3 4 13.5 6 14.5 0.97 0.62
Table 3.3: ConA-Sepharose 4.6 * 250 mm column. Data from Zonal Chromatography experiments with 










H E T P Ma„
cm
0.2 5 12 23 54 >2 0.077
0.25 4 11.5 18 45 >2 0.102
0.3 4 9.5 16 35.8 >2 0.11
0.35 3.5 8 12.8 29.5 >2 0.115
0.4 3 7.5 11 25.5 >2 0.135
0.45 3 7 10 22 >2 0.158
Figure 3.15 shows the trend of the height equivalent of a theoretical plate; H  increases with 
flow rate increases. The high value of H  is within standard values in bio-affinity 
chromatography particularly when dealing with slow kinetics, large macro-porous support 
(Sepharose-4B has an average particle diameter of 90 pm) and weak affinity.
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Figure 3.15: HETP function of mobile phase flow rate: Q 4 x 125 mm Con A-Sep. column; •: 4.6 x 250 mm 
Con A-Sep. column.
The higher HETP values found for the first column with respect to the ones obtained for the 
longer column was probably related to pre and post column contribution to peak 
broadening, obviously more important with the smaller column. Kaltenbrunner et al. (1997) 
demonstrated that approximately 60% of the total peak broadening for a 1 ml column is 
caused by extra-column effects. The obtained column efficiency could appear poor 
compared with HPLC applications nevertheless it is well within the range of standard bio- 
chromatography (Jungbauer, 2000; Yamamoto, 1988).
This preliminary work on Concanavalin A has demonstrated that small differences between 
monosaccharides in terms of affinity interaction with the lectin based stationary phase can 
be successfully exploited and yield purified small sugar bands under isocratic elution. 
Although the apparently high molar capacity shown by ConA for monosaccharide 
molecules is encouraging, the unfavourable molecular weight ratio between the species 
involved limits the possible amount of sugar mixture processed to low concentration and 
volume. The obvious main drawback is that such a process will be attractive only when 
applied to bio-refining processes of high added value targets.
Chapter IV
Preparation and Characterisation of an L-Fucose Binding Lectin
4.1 Summary
A brief literature review of the known fucose-binding lectins is summarised in the 
introduction of this chapter. After these were assessed on the raw material practical 
availability, economics and level of specificity for L-fucose, one was chosen and purified 
for further chromatographic applications. This chapter reports the purification procedure of 
this lectin, carried out using column and stirred batch affinity chromatography onto L- 
fucose-Sepharose 6B and its characterisation in terms of molecular weight, activity and 
interaction with the monosaccharide. A number o f techniques were exploited for this 
purpose; including typical haemaglutination tests, gel permeation chromatography, gel 
electrophoresis, Surface Plasmon Resonance and Isothermal Micro-Calorimetric titrations. 
The final purified lectin was LTA from Lotus Tetragonolobus (winged beans) with yields 
between 300 and 500 mg per 100 grams of seeds. LTA showed agglutination activity with 
blood-group O erythrocytes, the molecular weight o f the major lectin fraction was found to 
be around 34 kDa with two specific binding sites (probably one binding site per monomer 
o f 17 kDa each). The interaction for L-fucose was found to be entropy-enthalpy assisted 
and quantified with a dissociation constant between 3 and 8X10^ M depending on the 
temperature.
4.2 Introduction
The major sources of fuco-lectins from animal and plant kingdoms are: seaweed, Ulva 
Lactuca (Sampaio et al. 1998); eel serum, Anguilla Anguilla (Desai and Springer, 1972 ); 
orange peel fungus, Aleuria Aurantia (Kochibe and Furukawa 1980, 1982); gorse, Ulex
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europeus, (Osawa and Matsumoto 1972, Allen and Johnson, 1977); winged beans, Lotus 
Tetragonolobus, (Yariv et a l, 1972, Allen and Johnson, 1977). In Table 4.1 these lectins 
are summarised with the minimum concentration of L-fucose required to inhibit 
agglutination of O-group blood cells and equilibrium constants for the lectin- 
monosaccharide interaction with relative literature references.
Table 4 .1: Summary o f the main L-Fucose binding lectins from animal and plant kingdoms with minimum L- 
Fueose concentration required to inhibit O red blood cells agglutination and dissociation constant describing 











M anne algae Ulva Lactuca
Minimum concentration (mM) 
of L-fucose giving complete 
inhibition of Agglutination of 
Group O Erythrocytes.
0.78
(Kochibe and Furukawa, 1980)
0.75
(Ilofejsi and Kocourek, 1978) 
0.75 
(Allen et al., 1977)
2.5
(Allen et al., 1977)
25
(Sampaio et al., 1998)
(M)
1.6 x 10'5
(Kochibe and Furukawa, 1980)
1.6 x 10*3 
(Kelly, 1984)-
2.7 x 10'5- 1.7 x IQ-4
(Kalb, 1968)
3.2 x 10-4 
(this work)
Ulex europeus (UEA I) ffom gorse and Lotus tetragonolobus (LTA) from Asparagus pea 
(winged beans), are the most widely studied members of the L-fucose binding lectin class 
and definitely the most readily available among all the other fucolectins.
These plants are widely dispensed in Europe, belong to leguminosae plant family and the 
lectins have an O-blood group specificity and affinity for L-fucose and fucosyl 
oligosaccharides (Pereira and Kabat, 1974, Pereira e ta l,  1978).
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UEA I and LTA are not as well characterised as for instance ConA, and chemical, physical 
and toxicological properties have not been thoroughly investigated. Thomas and Surolia 
(2000) investigated the mode of molecular recognition o f L-Fucose by UEA I and LTA but 
while the primary structure of these lectins is available (Konami et al., 1990 and 1991), no 
crystal structures for any lectin belonging to the fucose specific group have yet been 
reported. Allen et al. (1997) compared the two lectins binding specificities by 
hemagglutination inhibition analysis and LTA exhibits approximately 3.5-fold higher 
affinity than UEA I. During microcalorimetric comparisons of commercial UEA I and 
LTA, Ulex lectin showed weaker binding, according to literature. Therefore the project 
focused on the purification and characterisation of LTA, chosen as the best candidate 
among the L-Fucose binding lectin.
4.3 Commercial L-fucose binding legume lectins: ITC characterisation
Materials. Lyophilised powders of UEA I lectin, purified from gorse seeds according to the 
method o f Pereira et al. (1978) and LTA lectin, purified from winged beans seeds 
according to the method of Pereira and Kabat (1974) were purchased with the other 
chemicals involved in the titration experiment, from Sigma (Poole, U.K.).
Methods. OMEGA Microcalorimeter VP-ITC was adopted for these studies as already 
described previously. These applications were carried out in 50 mM Phosphate buffer pH 
7.2-7.4 containing 150 mM NaCl and 0.02% NaN3 and run at 20 °C.
Solid LTA and UEA I were dissolved and dialysed against the same buffer at 5°C, filtered 
with PVDF/PE syringe filters and monomer concentration (27000 Da) adjusted to 0.077 
and 0.037 mM respectively. Titrant sugar samples of L-fucose were diluted to final 
concentrations of 3 mM for LTA and 12.2 mM for UEA I titration. Injections of 5 pi of 
sugar solution were automatically added with a 290 pi microsyringe every 3 minutes into 
the lectin solution stirred at 300 rpm and the heat developed after each injection measured. 
Final experimental results, represented by heat developed versus total ligand/lectin ratio in 
the cell, are fitted considering one to one binding between lectin monomer and L-fucose.
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Results. From ITC experiments, in terms of association constant, Lotus lectin resulted 3.6 
fold stronger than UEA I in L-Fucose binding in agreement with literature (Allen et al., 
1977). Figure 4.1 reports the two titrations with relative thermodynamic results for binding 
parameters. Dissociation constants for lectin-sugar interaction is evaluated, 9*1 O'5 M for 
LTA and 3.2* 104 M for UEA I, also substantial differences among enthalpy and entropy of 
binding in the two systems represent evidence of different mechanisms involved in 
molecular recognition.
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Figure 4.1: Left; Commercial UEA I (0.037 mM) isothermal titration with L-Fucose (12.2 mM) with one 
binding site model fitting curve and parameter results. Right; Commercial LTA (0.077 mM) isothermal 
titration with L-Fucose (3 mM) with one binding site model fitting curve and parameter results.
Although the Wiseman parameter c (2.49) is low compared to the recommended range for 
best titration isotherm achievement (approximately c -  0.1 for UEA I titration and c = 0.9 
for LTA titration), Figure 4.1 highlights that excellent binding site saturation can be 
obtained using highly concentrated titrant injections. Nevertheless there is more
7 3
uncertainty on the resulting regression parameters obtained from the non linear least square 
data fitting algorithm in figure 4.1-left representing LTA titration, where the isotherm is 
obtained with lower c and higher injected L-Fucose concentration.
4.4 LTA purification and characterisation: Materials
One kilogram of seeds from Lotus Tetragonoblobus (Winged beans) was obtained from 
Thompson & Morgan Wholesale Ltd. (Ipswich, England), some of these were used to grow 
our own cultivation of winged beans plants. Sepharose 6B, Sephadex G-25 and Sephacryl 
S-100 were bought from Amersham Pharmacia Biotechnology (Buckingamshire, U.K.). 
divinyl Sulfone, L-fucose, p-aminophenyl-L-fucopyranoside (papf), Phosphate and Mops 
buffers, salts, NaN3, proteases inhibitor cocktail, protein standards and high retention 
cellulose dialysis tubing were purchased from Sigma Ltd. (Poole, England). For 
haemagglutination experiments, blood-group O erythrocytes were purchased from the local 
hospital and crude papain, cysteine hydrochloride and PBS tablets from Sigma (Poole, 
England). LTA concentration was determined using a UV detector at 280 nm and Surface 
Plasmon Resonance (SPR); Biacore X, CM5 microchip, HEPES buffer, amine coupling kit 
purchased from Biacore (Stevenage, U.K.). Purified LTA activity in terms of capability to 
bind L-fucose was measured using the SPR response and also, for larger samples, using 
titration microcalorimetry ITC from MicoCal (Milton Keynes, U.K.), the latter technique 
was also used to characterise LTA-L-Fucose interactions. PVDF/PE small syringe filters 
0.22 pm, Sterivex-GP filter units 0.22 pm, Millipore pump and Minitan ultrafiltration 
module with 4 Polysulphone membranes (10 kDa cut off) were purchased from Millipore 
(Watford, U.K.). The solvent used in these applications was always ultrapure water from a 
ELGA Purelab Option Unit (Bucks, U.K.). BioRad FPLC, BioRad (Hertfordshire, U.K.), 
was equipped with a workstation with two pumps, an external water bath, an auto-injection 
valve AV7-3, select buffer valve SV5-4, Biologic Optics module OM-10, conductivity 
detector, 2128 Fraction Collector with relative control and analysis software. 10-20% Tris- 
Glycine SDS page for polyacrylamide gel electrophoresis, sample and running buffers, pre­
stained standards, staining, destaining and drying solutions were obtained from Invitrogen- 
Novex (Paisley, U.K.), while power supply EPS3500XL and cell Xcell II from Amersham 
Pharmacia Biotech. (Buckinghamshire, U.K.).
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4.5 LTA purification and characterisation: Methods
The purification strategy is summarised in Figure 4.1 and was based on an Affinity 
Chromatography protocol developed from a procedure reported by Allen and Johnson 
(1977). The first step sample preparation is achieved in several sub-steps: seed grinding, 
liquid extraction, centrifugation, concentration, and filtration. Subsequently, capture, 
intermediate purification and polishing of the target lectin are carried out using an affinity 
chromatography approach followed by dialysis and finally sample lyophilisation. The 
process was initially investigated with a small-scale affinity chromatography column, larger 
production of LTA was carried out in a single stage stirred batch adsorption vessel. A 
Biacore X biosensor system equipped with a L-fucose-CM5 sensor chip was exploited in 
extraction, monitoring and optimisation as well as in activity (together with 
hemagglutination experiments) tests and concentration (together with UV assays) 
measurements of purified and non-purified (crude extract samples) LTA.
/  Polishing \




Figure 4.1: From the base to the top o f the triangle the purification strategy is summarised step by step.
The protein native molecular weight was determined using Gel Permeation 
Chromatography (GPC) on Sephacryl S-100 columns using an FPLC, and reduced- 
denatured protein molecular weight determined with gel electrophoresis. Purified LTA 
powder was redissolved in buffer and titrated with the same L-fucose-containing buffer
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using ITC at different temperatures to allow the interaction to be fully characterised in 
terms of enthalpy, entropy, stoichiometry and equilibrium binding constant.
4.5.1 Sample preparation
LTA seeds were ground with an electrical grinder, then stirred throughout extraction at 5°C 
overnight in Phosphate or Mops buffer (50 mM pH 7.2-7.4, containing 150 mM NaCl and 
0.02% Sodium azide. Mops also contains 0.5 mM CaCh, MgCl2 and MnCk) at a ratio of lg  
o f ground seeds per 10 ml of buffer. Shorter extractions were also performed and the ratio 
total active LTA present in the extract over time of extraction optimised. After 
centrifugation at 4000 rpm and 5°C, the supernatant was stored in the fridge, the solid 
residue was re-extracted in the same way and the second extract added to the first. 0 . 0 1  ml 
o f protease inhibitor cocktail per ml of crude extract was added to prevent proteolitic 
degradation of lectin. A quick and effective concentration of the final product was carried 
out for small sample volumes, adding 0.1 g of Sephadex G-25 (dry matrix polymer) per ml 
o f extract mixing for 15 minutes (Harris and Angal 1989). The swelling dry resin adsorbs 
water and due to the small pore size exclude big protein molucules. The supernatant was 
centrifuged again and finally filtered with Sterivex-GP filter units 0.22 pm; concentration 
and filtration were both conducted at 5°C. Extract samples bigger than 200 ml were 
concentrated with 4 Polysulphone membranes (10 kDa cut off), placed in series in a 
Minitan ultrafiltration module, the retentate LTA rich product was then filtered with 
Sterivex-GP filter units 0.22 pm.
4.5.2 Affinity media preparation
The biospecific L-fucose based adsorbent was made using divinyl Sulphone activation of 
Sepharose 6 B, according to the protocol reported by Fomsted and Porath (1975) for the 
preparation of D-mannose-Sepharose 6 B. The chemistry of this bi-functional reagent 
involved in matrix activation and ligand coupling can be summarised in three steps as 
follows:
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(1) Matrix-OH +  CH2 =CH-S02-CH=CH2
(2) M atrix-0-CH 2-CH 2-S 0 2-CH=CH2 +  R-OH
(3) M atrix-0-CH 2-CH 2- S 0 2 -CH 2-CH 2- 0 - R
This and other typical support materials activation and fimctionalisation in affinity 
chromatography are described by Lowe and Dean (1974).
100 ml o f Sepharose 6 B was washed with deionised water and then with 0.5 M Na2CC>3 
(pH 11), drained under mild condition and suspended in 100 ml 0.5 M Na2CC>3 at room 
temperature. 10 ml of divinyl Sulfone was added and the suspension stirred gently for 70 
minutes at room temperature. The resulting activated gel was washed with deionised water, 
drained, resuspended in 100 ml of 0.5 M Na2CC>3 pH 10 with 20 % (w/v) L-fucose and 
stirred in the cold room for three days. Finally the gel was washed again with deionised 
water, drained, suspended in 100 ml 0.5 M Na2CC>3 pH 8.5 with 2 ml o f 2-Mercaptoethanol 
(deactivation of non reacted activated sites) and stirred for three hours at room temperature 
before washing with water and equilibration with phosphate buffer.
4.5.3 Column Affinity Chromatography
The filtered extract was applied to a chromatographic column packed under mild vacuum 
with L-fucose-Sepharose and equilibrated at 5°C with the same buffer used for the 
extraction. The process was first investigated in a 4 ml jacketed-glass column ( 6 x 1 5  mm) 
in a BioRad FPLC system at a flow rate of 0.2 ml/min. 0.5, 1, 2, 3.33, 7, and 14 ml of 
crude extract were injected, followed by a washing running buffer volume equal to 4 times 
the injection loop volume plus 30 ml. Once impurities were removed, bio-specific elution 
o f the target lectin bound to the column was achieved by switching to running buffer 
containing 0.5 M L-fucose. Basic and acid pH, higher salt concentration, higher 
temperature and buffer containing from 0.01 to 0.1 M EDTA, were also tested as 
alternative step elution protocols. In all cases the process was monitored on line with UV 
(280 nm) and conductivity detectors.
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4.5.4 Larger scale LTA purification
On a semi-preparative scale 100 ml column (50 x 50 mm) was packed with L-fucose- 
Sepharose. Between 30 and 60 ml of crude extract were injected at a flow rate of 0.5 
ml/min, then after washing to remove impurities, LTA was eluted as described above.
The affinity purification was also run in a batch stirred tank (65 mm diameter and 200 mm 
high) containing approximately 100 ml of gel and the concentrated crude extract applied 
with or without filtering. The latter approach was carried out at 5°C, 50-200 ml of extract 
was stirred with the affinity matrix for two hours. The gel was then drained and washed 
with at least 1 litre of buffer before eluting the lectin with 2-3 fractions of 30-50 ml of 
buffer containing 0.5 M of L-Fucose. Each fraction was again stirred with the gel for 2 
hours before collection. Fractions containing the eluted lectin were dialysed extensively 
against ultrapure water in the cold room and finally freeze dried to obtained LTA solid 
powder stored at < 1°C.
The cold room set up for LTA purification with the stirred batch adsorption unit is shown 
in Figure 4.2; with extraction, ultrafiltration units and dialysis tanks.
Figure 4.2: Main purification steps in semi-preparative purification o f LTA from winged beans; from right to 
left: extraction unit, ultrafiltration module, affinity chromatography stirred batch and dialysis pools.
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4.5.5 Surface Plasmon Resonance
The integrated “micro Fluidics Cartridge” in the Biacore X allows analyte to pass over two 
cells (Fcl and Fc2) by which the sensor chip surface is partitioned. The carboxymethyl 
dextran surface of cell Fcl on a CM5 sensor chip was activated with a pulse solution of 35 
pi containing 0.05 M N-hydroxysuccinimide (NHS), 0.2 M N-ethyl-N'-(dimethyl- 
aminopropyl)-carbodiimide (EDC) and immediately after, p-aminophenyl-a-L- 
fucopyranoside (papf) was coupled to the surface by injecting 35 pi of a 2.5 mg/ml 
solution, excess o f reactive groups are deactivated with a 35 pi pulse of 1 M ethanolamine 




Chip-COOH  ► Chip-C-O-N
II
O
Amine activation, coupling and deactivation were carried out in 10 mM HEPES buffer pH 
7.4, containing 150 mM NaCl, 3 mM EDTA, 0.005% Surfactant P20 at 5 pl/min flow rate 
and 20°C. The buffers used in the SPR experiments were filtered with a cellulose 
membrane (0.4 pm) in a vacuum glass filter unit and extensively degassed with helium. 
The second cell Fc-2 was set as the reference cell to compensate for changes in the 
refractive index of the bulk solution caused by analyte concentration, samples were filtered 
with PVDF/PE syringe filters (0.22 pm) and injected at 20 pl/min, sensograms recorded 
and analysed as Fcl-Fc2 response. Small aliqots (50 pi) of diluted samples from 
extraction, intermediate purification step and final purified material were injected; activity 
and LTA concentration monitored based upon the shape and extents of the response. Every 
chip after amine activation and papf coupling was calibrated with standards o f previously 
purified LTA; the plateau response (equilibrium) reached after each sample injection, 
versus concentration injected, represented points for calibration curve. When the SPR 




------------- ^  Chip- C-NH-R
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4.5.6 Haemagglutination assay
Haemaglutination studies were carried out in the school of Pharmacy and Biomedical 
Science of Portsmouth University with help and supervision of Dr. R. V. Gibbs.
Tests were carried out with both native and papain-treated O-group human erythrocytes. 
Native blood cells were washed and resuspended in 0.1 M phosphate buffer saline (PBS) 
pH 7.4 to a final concentration of 3-5 %. Papainised erythrocytes were washed with the 
same buffer, incubated at 37°C for 30 min with an equal volume of papain, washed again 
and resuspended in PBS pH 7.4 to a final concentration o f 3-5%. Papain (2 g) was soaked 
for 18 h in 100 ml 0.15 M PBS, pH 5.4, then heated to 37°C, mixed with 10 ml containing 
0.5 M cysteine hydrochloride, 0.5 M sodium hydroxide and incubated for 1 hour. Samples 
from crude extract and purified LTA were prepared with serial twofold dilution to a final 
volume o f 0 . 1  ml, within 1 0  tubes for each sample, with the last tube containing only buffer 
as a blank. Aliquots of blood cells suspension (0.1 ml) were added to all tubes and 
incubated at room temperature for 45 min. The degree of agglutination was observed at 
macroscopic level from complete aggregation (no free cells) to weak (granular appearance) 
agglutination (Gibbs, 1992).
4.5.7 Protein concentration determination
Total protein concentration was measured by ultraviolet spectrophotometer measurements 
at 280 nm (based on the calibration curves obtained in Chapter III) and using the response 
obtained from sample injection into the Biacore X SPR previously calibrated with purified 
lectin standards.
4.5.8 Molecular weight determination
Tris-Glycine polyacrylamide gel (10-20%, 1 mm thickness and 12 wells), based on the 
traditional buffer system (Laemmli, 1970), together with gel permeation chromatography 
columns were adopted for LTA molecular weight determination. Using a Novex X Cell II 
Mini-Cell, gel Electrophoresis was carried out on crude extract, intermediate and purified
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LTA samples and also Concanavalin A solutions for comparison. Samples and standards 
were prepared with 15 pi protein solution plus 5 pi sample buffer (25 pi 2 mercaptoethanol, 
250 pi Tris-Glycine SDS sample buffer, 250 pi distilled water) and boiled for 3 minutes. 
The running buffer placed in the cell was ultrapure water with 10 % (v:v) Tris Glycine SDS 
Sample Buffer. After 1 hour and 45 minutes circa at 125 V, the gel is removed and stained 
for at least 3 hours with a staining solution made with 110 ml ultrapure water, 40 ml 
Methanol, 10 ml stainer B, 40 ml stainer A from a standard Colloidal Blue Staining Kit. 
Gels were then washed with distilled water and dried with Gel-Dry Drying Solution.
Sephacryl S-100 gel was packed in a 26 x 600-750 mm column and used for more accurate 
molecular mass determination, 500 pi of sample was injected at room temperature at a flow 
rate of 0.8 ml/min. This column was calibrated with standard protein solution containing 
approximately 0.5-1 mg/ml of IgG (160 kDa), BSA (67 kDa), Ovalbumin (43 kDa), 0- 
Lactoglobulin (35 kDa), Cytocrome C (12 kDa), DNP-Lysine (367 Da).
500 pi o f filtered winged bean crude extract was also injected into the S-100 column, 10 ml 
fractions collected from the eluted material and analysed with the SPR as previously 
described to identify the molecular weight of the active fraction and compare it with that 
found for the purified LTA. All gel filtration experiments were run with Phosphate buffer 
pH 7.2 -7.4 as mobile phase, containing 150 mM NaCl 0.02% NaN3, filtered through a 
cellulose membrane (0.4 pm) in a vacuum glass system and degassed extensively with 
helium.
4.6 Results and Discussions
One example of CM5 sensor chip activation and papf (MW = 250 Da) coupling to Fcl is 
shown in the sensogram of Figure 4.3. The total increase of the baseline of around 45 RU 
was reproducible and indicates a very high final ligand density, assuming the general 
relationship of 1000 RU = 1 ng/mm2 (Stenberg et al., 1991). For a monovalent analyte of 





Time Abs.Resp Rel. Resp Id
95.5 19084.4 0 baseline
566.5 19164.7 80.4 baseline after activation
1594.5 19209.4 44.6 after papf coup.& deact
Figure 4.3: CM5-Surface preparation. The four arrows are chronologically: amine activation start, papf 
coupling start, deactivation start and process end. Absolute and relative responses reported.
With such a high ligand density, kinetic measurements of binding were not possible due to 
mass transfer limitations. However under these conditions the instrument was an 
invaluable tool for specific qualitative and quantitative analysis of the presence and 
concentration of Lotus lectin during and after purification. The sensogram grouping all the 
responses from standard concentration injections and relative calibration curves are 
summarised in Figure 4.4 and 4.5 respectively. Between 40 and 50 injections were possible 
after calibration before chip performance was seriously degraded. Regeneration procedures 
were run, but often this resulted in complete disruption of the sensor surface. Every chip 
was calibrated following the same procedure with reproducible results.
— 0.0078 mg/ml — 0.01563 mg/ml — 0.03125mg/ml — 0.0625 
— 0.5 mg/ml_______________— 0.125 mg/ml — 2 mg/ml
Time AbsResp Rel Resp Id (mg/ml)
3200 2501.4 2362.9 2
4242 2288.8 2089.7 1
5169 2005.1 1788.7 0.5
6015 1578.4 1502 0.25
6383 1343.2 1269.3 0.125
7131 943.1 870.3 0.0625
7629 667.5 627.9 0.03125
8110 449.9 399.8 0.015625
8685 302.3 219.6 0.0078
Figure 4.4: Fcl-Fc2 responses at different concentrations of injected LTA solutions. The curves belong to one 
continuous sensogram from which time in seconds, absolute and relative responses (relative to plateau values) 




4 Parameter fitting equation for calibration curve 
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Figure 4.5: Calibration curve and equation obtained with BIAevaluation software
Figures 4.6 and 4.7 show the first example of the SPR in a qualitative application. The 
double extraction and two step concentration with dry matrix (Sephadex G-25) addition is 
monitored and compared for fresh-green LTA beans and dry beans in Figure 4.6 (left).
The results show that fresh beans yield much less LTA than the dry ones. The second 
extraction was very poor in activity for both samples but the dry matrix worked quite well 
as concentrator for small sample volume with relatively low levels of active protein loss, 
given that the sample volume is reduced of 50 % after each concentration step.
Seeds, naturally dried for a few weeks, show the highest L-fucose binding activity in the 
extract as reported in Figure 4.6 (right). These also show SPR responses of retentate and 
filtrate from crude extracts processed with a Minitan module containing 4 Polysolphone 
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□  M o n th s  d ry  s e e d s  
s e e d s
□  F e w  w e e k s  d ry  s e e d s  
s e e d s
□  Dry s e e d s  (4 
h o u rs  a t  8 0 C )
filtrate
Figure 4.6: SPR monitoring of active Lotus lectin concentration during sample preparation
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Using an ultrafiltration system allowed a 3-fold concentration of crude extracts within 2 
hours in the cold room before protein aggregation became a problem, with negligible loss 
of product. Analysis of the LTA level with increasing extraction time (Figure 4.7) showed 
that the overnight extraction could be replaced with a 30 minutes extraction, which yielded 
more LTA, or at least a fraction of more highly active L-fucose binding lectin.
□  c .e . aliquot, 18 tim es diluted
E lc.e. aliquot, 5 tim es diluted
75 135 195 255 315 375 15 30 . 45 55 65
minutes minutes
Figure 4.7: SPR monitoring of active Lotus lectin concentration during extraction.
Less high molecular weight components are present in short time extraction as shown in the 
chromatograms of Figure 4.8, where the elution profiles of 30 minutes and 60 minutes 




—  1 hour c.e.o  0.06
—  30 minutes c.e.
3  0.04
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-0.02
Figure 4.8: Cm de extract (c.e., 0.5 ml) eluted from 26 * 700 mm Sephacryl S-100 column from 60 and 30 
minutes extraction time.
At the end of the sample preparation process, extracts, analysed with SPR, generally 
contained 1-3 mg/ml of active LTA. For very highly concentrated crude extracts, up to 6 
mg/ml of active lectin were detected. During affinity chromatography purification of LTA 
with the small column, step elution with buffers pH 4 and 9, EDTA, high concentration of 
NaCl, higher temperature were not successful. In contrast, Figure 4.9 shows tightly bound 
lectin eluted within a bed volume with concentrated L-fucose containing buffer (0.5 M). 
Similarly, Figure 4.10 reports a typical biospecific LTA elution from the 6 * 150 mm 
column, when 14 ml of crude extract were applied.
0.01 M 0.1 M 




Figure 4.9: Affinity Chromatography purification from 14 ml crude extract applied to 6 x 15 mm L-fucose -  
Sepharose column at 5°C and 0.2 ml/min. Blue chromatogram: eluted material spectrophotometrically 
detected at 280 nm. Red line: eluted material conductivity (mS/cm).
L-Fucose-Sepharose gel also showed high capacity, the area of eluted peaks associated with 
the amount of total purified lectin, evaluated with EZ-logic BioRad software, increased 
with the volume of crude extract injected as reported in Figure 4.11.
It was noted that to minimise the unused bed capacity, volumes of crude extract over 3 
times the column volume were required.
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Figure 4.10: Affinity Chromatography purification from 14 ml crude extract applied to 6 x 15 mm L-fucose -  
Sepharose column at 5°C and 0.2 ml/min. Blue chromatogram: eluted material spectrophotometrically 
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injection volum e of crude extract (ml)
Figure 4.11: Specific eluted peak areas calculated in arbitrary unity by EZ-logic software package associated 
to the BioRad FPLC system, when different size injection loops are tested with the 6 x 15 mm L-fucose -  
Sepharose column. In the table, the % of eluted peak area is referred to the total bound and not bound eluted 
material area and represents an approximation o f the % of target LTA over the total protein contents.
From the calculated fraction of these areas over the total area of eluted materials for each 
run, an approximated total content of LTA in the crude extract was identified to be around 
5-10 % (Figure 4.11) of the total protein amount. Pressure problems were encountered with 
larger column (50 x 50 mm) operation and cycle times were excessive, therefore these were 
abandoned; Figure 4.12 reports two examples of large column lectin affinity purification. 
A stirred batch single stage adsorption unit (64 x 200 mm) was preferred mainly because of 
shorter cycle times. Although the process was not automated and obviously less efficient 
than a multi stage column adsorption, a complete purification could be carried out; from 30 
minutes extraction to purified lectin fractions ready for dialysis within a day.
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Figure 4.12: Left: LTA purification in 50 x 50 mm column, 0.5 ml/min, 50 ml crude extract injected, elution 
is carried out with 120 ml o f buffer containing 0.3 M  NaCl and 0.15 M  l- F u c .  Right: LTA purification in 50 
x 50 mm column, 0.5 ml/min, 30 ml crude extract injected, elution is carried out with 120 ml containing 0.5 
M L -F u c in buffer. The elution profile is detected with UV at 280 nm. Conductivity detector off.
The chief requirement for a successful batch method is that the concentration ratio of 
adsorbed over total target protein should be very close to one otherwise the loss would be 
very high (Scopes, 1994), if large volumes are processed.
However L-fucose-Sepharose did show a high binding capacity. Analysing crude extracts 
before and after batch purification, showed circa 98% of the total LTA was adsorbed when 
small (50 ml) volumes were processed. This reduced to down to 92 % for 200 ml batch
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volumes. 100 grams of ground beans extracted in 1 litre of buffer and concentrated down 
to 300-400 ml circa yielded 300-500 mg of LTA powder when processed in 2-4 purification 
runs. Even though the work was carried out at 5°C the speed of the whole process was very 
important as high proteolitic activity was found throughout. Addiction of the protease 
inhibitor cocktail during extraction and sometimes also in the elution buffer proved to be 
crucial in maintaining product activity.
Examples of molecular weight analysis on SDS gels are shown in Figure 4.13; for samples 
collected throughout a number of different columns and stirred batch purification.
The LTA lectin monomer appeared to be purified to homogeneity having a molecular 
weight around 23.5 kDa, smaller than ConA (obtained from Sigma) monomer, 26.7 kDa, 
appeared to be containing some low molecular weight impurities (see Appendix B for data, 
calibrations and results).
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Figure 4.13: SDS Tris Gycine Gels.
(a). 0: standards. 1, 2, 3: lyophilised LTA 
dissolved in phosphate buffer. 4: crude extract. 5: 
LTA in water after dialysis. 6: eluted LTA. 7: 
crude extract. 8, 9, 10: third, second and first 
fraction o f purified LTA. 11: Concanavalin A.
(b). 0: standards. 1: Concanavalin A. 2: crude 
extract. 3, 4, 5: first, second, third fraction of 
purified LTA. 6: lyophilised LTA dissolved in 
PBS. 7: crude extract. 8: purified LTA. 9: purified 
and more concentrated LTA .
The native molecular weight assessed on columns packed with Sephacryl S-100 was found 
to be 34 kDa after calibration with globular proteins, assuming the separation range 
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Figure 4.14: Crude extract, purified LTA from column affinity chromatography and protein standards elution 
profiles from 26><700 mm Sephacryl S-100 column at room temperature, 0.8 ml/min, 0.5 ml injection volume. 
Standard calibration for IgG (160 kDa), BSA (67 kDa), Ovalbumin (43 kDa), p-Lactoglobulin (35 kDa), 
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Figure 4.15: LTA from Sigma, purified LTA from column affinity chromatography and protein standards 
elution profiles from 26x750 mm Sephacryl S-100 column at room temperature, 0.8 ml/min, 0.5 ml injection 
volume. Standard calibration for IgG (160 kDa), BSA (67 kDa), P-Lactoglobulin (35 kDa), Cytocrome C (12 
kDa), DNP-Lysine (367 Da). MWLTA = 34190 Da.
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In particular, in Figure 4.15, the elution profile (blue) of purified LTA is compared with 
commercial LTA chromatogram (red) and the difference in size is evident. This suggests 
that the two preparations yield Lotus lectin at two different degrees of aggregation; in 
prevalence over 100 kDa for the commercial lectin and around 34 kDa for the lectin 
purified in this work.
The major component size of the active LTA in the crude extract (c.e.) was again 34 kDa as 
demonstrated combining gel filtration and SPR.
When 10-ml fractions of crude extract, collected from the gel permeation column (Figure 
4.16), were analysed, the highest activity was identified in fraction 11 (34 kDa) with also 
some active lectin eluted at fraction 8 (68 kDa), see Figure 4.17.
0.08
0.07
0.06 LTA containing 
fraction
0.05




( f r a c t i o n s :  1 2 3 4  5 «  7 8 9 10 11 1 2 1 3 1 4 1 5 1 8  17500 sec 35000
-0.01
Figure 4.16: Typical elution profile o f 0.5 ml o f crude extract injected into a Sephacryl S-100 column.
10 ml fractions, collected and stored at 5°C.
Those results were supported also by haemaglutinin tests of O-group erythrocytes; fraction
11 showed the highest activity along with the two folds serial diluted samples.
In haemaglutinin tests, crude extract samples, purified and commercial LTA showed very 
weak or often no haemaglutination if the blood cells were not treated with papain.
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Figure 4.17: Left: Regrouped SPR responses belonging to one sensogram in which fractions o f crude extract 
(from 7lh to 14th fraction) collected from GPC column were injected. Right: a schematic representation of 
equilibrium SPR relative responses of pooled fractions.
Generally the use of Phosphate buffer or Mops buffer with chloride salts did not change 
results however the Mops buffer option gave the possibility of freezing samples where 
Phosphate caused the protein to be denatured (Harris and Angal, 1989).
LTA purification results were mostly in agreement with methods and results presented by 
Allen et al. in 1977 and as stated by these workers the final L-fucose binding lectin was 
different from that obtained using precipitation techniques and other chromatographic 
affinity media. Those purification methods are summarised in Table 4.2 with relevant 
references. The native molecular weight of the final lectin (or mixture of isolectins) product 
and dissociation constants for the interaction with L-fucose are also shown where available.
Basically from the literature, Lotus lectin was often found to be a mixture of glyco- 
isolectins according to Yariv et al. (1972) with similar specificities and higher molecular 
weight than Allen and Johnson (1977) and this work reported. Allen and Johnson (1977) 
obtained their result by gel filtration on Sephadex G-200 and in case lectin fractions were 
adsorbed by the glucosyl residues in the resin they analysed the same fractions on Ultrogel 
Ac A 34 containing galactosyl residues, obtaining identical results. Allen and Johnson 
(1977) did not explain the discrepancy of their results with previous workers however they 
observed various degree of proteolytic degradation during purification, which probably 
influenced their protein aggregation final product.
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Table 4.2: Some literature LTA purification methods and results
Reference Method Native MW Kd
Allen and Johnson 
(1977)
A.C. L-fucose-Sepharose 6B, 
Divinyl Sulfone activation
34 Da -
Pereira and Kabat A.C. Insoluble polyleucyl hog 110 Da, Tetramer -
(1974) blood group
Yariv et al. A.C. (J-L-fucopyranosylammine- A 120 Da, Tetramer KdA = 0.8-1 x 10-4 M
(1972) Sepharose 4B, Cyanogen bromide B 58 Da, Dimer KdB= 1.7-2 x 10-4 M
activation C 117 Da, Tetramer IQc = 2.7-4.8 x 10'5M
Yariv et al. 
(1967)
Precipitation with fucosyl dye. 107 Da, Tetramer Kd= 0.9 x lO^M
This work A.C. L-fucose-Sepharose 6B, 34 Da Kd= 4 x lO^M
(2002) Divinyl Sulfone activation. (page 97)
In this work, similar features were observed, although proteolytic degradation was 
drastically reduced by using short extraction times, rapid batch purification and the use of a 
protease inhibitor cocktail. Moreover, the same native molecular weight for the major 
active fraction of L-Iucose binding lectin was found in the fractionated crude extract with 
the SPR analysis.
Electrophoresis in the presence o f dodecyl sodium sulfate and 2-mercaptoethanol resulted 
in a monomer molecular weight of around 23.5 kDa. Some studies on algal lectin 
suggested that with SDS-page higher values of MW may be observed; due to the 
glycoprotein nature of the lectins, they tend to migrate slower (Sampaio et al., 1998). 
ConA monomer was found to be around 26.7 kDa as expected but this lectin is known to be 
not glycosylated (Agrawal and Goldstein, 1968) while LTA contains carbohydrate, 4-8 % 
(Kalb, 1968). This led to the formulation of the hypothesis that the purified 34 kDa native 
LTA could be a dimer of a monomer subunit of 17 kDa. Assuming, as is usual for legume 
lectins, one specific binding site per monomer, the purified LTA should have two binding 
site. This assumption of two binding sites on the purified LTA molecule was supported by
the positive haemagglutination tests; blood cell agglutination by a different molecule is 
obviously possible only if that molecule has more than one anchoring site. Also from 
column affinity chromatography it was noted that even after long periods of washing after 
extract application, the losses of specifically bound lectin were totally negligible; evidence 
of stronger multiple interaction between lectin and L-fucose-Sepharose.
LTA as purified here is a relatively small L-fucose binding lectin with two binding sites per 
molecule. When employing LTA in sugar separation, the fact that the molecular weight 
ratio lectin to ligand is smaller than expected, made use in a monosaccharide recovery 
process more favourable.
4.7 ITC characterisation: Methods
ITC tests and control experiments were carried out following the protocols given in 
previous isothermal titration materials and methods sections, the solvent used in these 
application was 50 mM MOPS buffer pH 12-1A  containing 0.5 mM CaCL, 0.5 mM 
MnCb, 0.5 mM MgCk, 150 mM NaCl and 0.02% NaN3. The purified LTA was dissolved 
and dialysed against the same buffer at 5°C, filtered with PVDF/PE syringe filters and 
monomer concentration determined on the basis o f SPR response and 280 nrn UV 
absorbance based on the promoter molecular weight equal to 17 kDa. Titrant sugar 
samples were prepared to obtain the final concentration of 4 mg/ml. Titrations were run in 
the thermostated cell at 5, 10,20, 30, and 40°C. 57 injections of 5 pi of sugar solution were 
automatically added with a 290 pi microsyringe every 2 minutes into the lectin solution 
stirred at 300 rpm, the heat developed after each injection is measured by the cells feedback 
network as differential heat effects between sample and reference cell.
Final experimental results, represented by heat developed versus total ligand/lectin ratio, 
are fitted using one and two binding sites per monomer model, available in Origin ITC Data 
Analysis Software and based on a non linear least square curve fitting procedure, 
Levenberg-Marquardt algorithm (Marquardt, 1963).
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Titrations of crude extracts before and after affinity chromatography were compared to 
study and estimate the activity of the lectin before purification.
4.8 ITC characterisation: Results and Discussions
During titration experiments of purified LTA under the condition described, clear evidence 
of binding and ongoing saturation of binding capacity was observed.
Figure 4.18 reports those titrations at different isothermal conditions, only one raw plot of 
the resulting peaks representing the heat developed at each injection is included.
Looking at Figure 4.18, the increasing association constant with decreasing temperature, as 
expected for exothermic binding (2.41), is immediately evident.
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Figure 4.18: Purified powder Lotus lectin (0.01 mM) titrated with 24.4 mM L-fucose solution at different 
temperatures. One site binding model chosen to fit the data and resulting regression parameters are reported.
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Also, as noticed during Con A titrations, the experimental conditions (c < 1 and high ratio 
of ligand concentration in the syringe over lectin concentration in the cell) were far from 
the optimum and clear saturation was achieved only after very high molar ligand/receptor 
ratio. The results for the three regression parameters; stoichiometry («.), dissociation 
constant (KJ), enthalpy of binding {A I f )  were obtained with the single binding site model 
and are included in Table 4.3. Errors in those parameters were around 25 % for 
stoichiometry and enthalpy and 3% for equilibrium constant, the non-linear least squares 
analysis provided good data final fitting curves with low values for the least-squares norm 
X2. Conversely in the right hand plot of Figure 4.1, where commercial LTA was titrated 
with L-Fucose under more ideal conditions (c ~ 1 and concentration ligand/receptor ratio 
around 20), the titration and final fitting curve was not good and the regression parameters 
all had errors around 10 %. An increase of ten folds for c is possible with lectin 
concentration above 10 mg/ml with loss of solution homogeneity and clearance due to 
aggregation and foaming problems.
Those results together with non linear Scatchard plots obtained from the experimental data 
(Figure 4.19) provided evidence that the assumption of one single population of identical 
binding site was not appropriate.
Table 4.3: Parameter results from ITC experimental data fitting (one binding site modeD. Purified LTA 
samples at 5. 10. 20. 30 and 40 °C and one commercial LTA sample at 20°C were titrated with L-fucose 
solutions. Results at 30 and 40 °C are obtained fixing the stoichiometry at 1.
T[°C] 5 10 20 30 40 20 (SIGMA)
N 1.02 1.02 1.02 I I 1.01
IQ x 10^ [M] 2.9 3.7 4.4 5.5 7.5 0.89
AH [cal mol'1] -2326 -3019 -3861 -4849 -5661 -3994
AS [cal mol 'K’1] 7.8 5 2.2 -1 -3.785 4.9
At 30 and 40 °C the stoichiometry was fixed at one during data fitting in line with previous 
experiments otherwise reasonable results could not be obtained in terms of enthalpy and 
entropy of binding (dotted line in Figure 4.20).
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From this thermodynamic data a number of conclusions could be drawn; the contribution to 
the free energy of binding in this lectin-sugar interaction is obviously assisted by both 
enthalpy H  and entropy S  (compensatory effect), with S influence becoming stronger at 
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Figure 4.20: AH, AG, and -TAS results and trend lines when at 30 and 40 °C n=l is fixed. AH' and -TAS' are
results relative to normal data fitting procedure with n as one of the regression parameter.
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The Sigma LTA showed an association constant one order of magnitude higher than the 
purified LTA. However, comparing AH  and AS for the two lectins from different sources, 
showed similar enthalpy values therefore similar levels of specificity. However the 
commercial LTA had a much higher entropy value; evidence of lower purity.. Therefore the 
stronger binding could result from non-specific interactions. Due to the non linearity of 
Scatchard plots reported in Figure 4.19, a two sequential binding site model could provide a 
more realistic description, taking in to account all the phenomena linked to specific and 
non-specific binding. Table 4.4 reports the numerical results obtained fitting LTA data 
with the sequential sites model; the weighted sum of squared differences between fitting 
function and experimental data (x2) and association constant, enthalpy, entropy of binding 
for each population of binding site are summarised.
Table 4.4: Results from LTA titrations data fitting with the two sequential binding sites model: v2 is the least 
square norm and K„. AH. AS refer to the first (subscript 1) and second (subscrip 2) population o f sites.
T(°C) 5 10 20 30 40
x2 2.1 4 2.31 11.36 17.86
K„ [M*1] 13340 ±2288 5399 ±496 5357 ± 535 2822 ±461 1640 ±150
AHi [cal mol'1] -994 ± 90 -1921 ±116 -2046 ± 145 -3241 ±443 -4329 ± 364
AS] [cal mol'1 K*1] 15.30 10.29 10.08 5.09 0.88
K-a2 [NT1] 1628± 138 613 ±90 943 ± 86 651± 167 488 ±91.13
AH2 [cal mol'1] -1522 ±84 -1604 ±93 -2052 ± 140 -1612 ±465 -836 ±451
AS2 [cal mol'1 K'1] 9.223 7.093 6.611 7.555 9.632
Looking at the association constants (apparent) in Table 4.4, the two populations of binding 
sites express negative cooperation especially at low temperature. For the first population of 
binding site, a typical parameter temperature dependence is recognised; Kai, AHj and AS] 
increase when temperature decreases, while for the second population, this pattern is not 
observed.
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Generally, understanding the nature of the experimental data and associated uncertainty is 
the key to evaluating regression parameters. One goal of this kind of ITC study, run at high 
ligand concentration, was to show clearl evidence of binding and the complexity 
surrounding the choice of the right model to describe weak lectin-monosaccharides 
interactions. Awareness that experimental uncertainty on binding site concentrations and 
systematic errors, derived from non-specific energetic effects, influence the confidence 
intervals o f determined parameters and their statistical significance, this use of ITC outside 
standards protocols was found very useful. If a lectin is to be used in a monosaccharide 
separation all that is needed for the preliminary design of the process is the maximum 
binding capacity (number of active binding site and stoichiometry of binding) and the 
strength of binding (equilibrium constant).
LTA, assumed to have one population of identical L-fucose binding sites, represents a 
simplified solution to analyse their affinity interaction, as demonstrated with the previous 
results. However the Langmuir based adsorption model remains very useful for a rapid and 
simplified picture in providing an average binding equilibrium constant and an approximate 
concentration of binding sites available.
Adopting a single binding site model gives the possibility of using the algorithm to quantify 
the amount of active macromolecule (Q  placed in the ITC cell.
C is an input parameter therefore a first guess value must be given (C*) before fitting, the 
results obtained for Ka and AH° are the “correct” values, they strongly depend on the ligand 
concentration. The resulting stoichiometry n* can then be used to calculate the real C value 
from C*x n*/n if the real stoichiometry of binding (n) is known (Sigurskjold et al., 1991).
Using this approach, crude extract titration before and after affinity chromatographic 
removal of LTA allowed an estimation of active lectin molar concentration. In the example 
o f figure 4.20 the crude extract resulted having 0.077 mM binding site. In other words the 
macromolecule solution was able to bind a maximum concentration of 0.077 mM of L- 
fucose.
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The same sample analysed with SPR resulted containing 0.07 mM active LTA, generally 
this kind of double regression measurements of binding sites concentration with ITC were 
within ±25% of the values obtained with SPR. These measurements were carried out based 
on 17 kDa LTA monomer structure, containing one specific binding site and confirm the 
validity of the assumption.
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Figure 4.20: Crude extract titrated with 12 mM L-fucose solution before (black) and after affinity 
chromatography (blue). Left: parameters results are relative to the fitting procedure of corrected (blue titration 
subtracted to black one) data with input value o f C = 0.1 mM. Right: Same data fitting results after C has 




L-Fucose Separation with Immobilised LTA Affinity Chromatography
5.1 Summary
Commercial Lotus lectin (LTA) immobilised on agarose gel was characterised at 5°C and 
20°C, using the FC method with p-nitrophenyl-L-fucopyranoside (pnpf) for specific 
interaction and p-nitrophenyl-a-D-glucopyranoside (pnpg) and a-L-arabinopyranoside 
(pnpa) for non specific ones. The system appeared less heterogeneous in terms of 
specificity than ConA-Sepharose, and pnpf purification was achieved in ZC over a range of 
different mixture concentrations of pnpf and pnpg at different flow rates. The packed gel 
void volume and porosity were also characterised on the base o f elution volume of inert 
polymers in standard solutions. Good selectivity and resolution were achievable as well as 
good column efficiency. However all are strongly dependent on the volume and 
concentration of the sample applied, as expected for a low capacity system. Finally, in this 
chapter, the feasibility o f this technique for rare sugar separation on a significant scale is 
discussed.
5.2 Introduction
The use o f immobilised lectins as chromatographic media for fractionation and 
characterisation of various fucose-containing oligosaccharides and glycoproteins was 
reported by Yamashita et a l, (1985) who exploited the affinity between Aleuria Aurantia 
lectin (AAL) from orange peel fungi and L-fucose. In 1997 Rathi et al., studied the 
interactions of sugars containing N-(2-hydroxypropyl) methacrylamide (HPMA) with 
commercial LTA immobilised on 4% beaded agarose (1-2 mg of LTA per ml o f gel).
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A drug delivery system based on HPMA was developed and a frontal affinity 
chromatography technique was used to mimic the specific cell-polymer interaction and to 
investigate the biospecific recognition phenomenon. Only fiicosylamine containing HPMA 
showed specific binding to the lectin (Kd = 2.9* 10'5 M) and HPMA group was shown to be 
responsible for a non specific (hydrophobic) contribution to the binding.
In 1997, high density LTA-Emphaze (Hydrazide based biosupport) columns (15 mg of 
LTA immobilised on 1 ml of beads) were successfully used to isolate glycans containing 
Lewis antigen and to analyse oligosaccharides containing L-Fucose, comparison with 
ConA-Sepharose columns are also reported (Yan et a l , 1997).
There are no other reports on immobilised LTA for chromatographic sugar separation and 
analysis and the possibility of using LTA biospecificity in downstream L-Fucose recovery 
has never been considered. Results reported in chapter III show that monosaccharide 
mixtures can be fractionated using a ConA-Sepharose column under isocratic conditions, 
depending on sugar specificity. Separation was dependent on column maximum binding 
capacity and total amount of mixture processed and similar principles should apply to other 
lectin-monosaccharide systems.
5.3 M aterials
All general reagents, p-nitrophenyl-a-D-glucopyranoside (pnpg), p-nitrophenyl-a-L- 
arabinopyranoside (pnpa), p-nitrophenyl-a-L-fiicopyranoside (pnpf), and LTA-Agarose 
(approximately 1-2 mg of LTA per ml of gel) were obtained from Sigma ltd (Poole, 
England). Standard Polyethylene oxide kit (MW range 27-920 kDa) and Pullulan (5.9 and
11.8 kDa.) for gel porosity characterisation were purchased from Phenomenex (Macclesfie 
Cheshire, England). Ultrapure water from a ELGA Purelab Option Unit (Bucks, U.K.) 
was used throughout. BioRad FPLC and Anachem HPLC used for chromatographic tests 
are described in the Materials and Methods sections of Chapter III.
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5.4 Agarose gel porosity
Methods: Since no data were available from the gel manufacture on the gel porosity, LTA- 
Agarose pore structure was determined from size exclusion chromatography experiments in 
50 mM Phosphate Buffer pH 1.2-1 A  containing 150 mM NaCl and 0.02% NaN3 at room 
temperature using Polyethylene oxide and Pullulan standards of different molar masses. 
Polyethylene oxide (920, 438, 140, 95, 51.5, 27.8 kDa) and Pullulan (5.9 and 11.8 kDa) 
standard solutions (~1 mg/ml) were injected into a 3 x 100 mm glass column slurry packed 
under mild vacuum with LTA-Agarose gel.
Retention times for each sample were measured at the peak elution maximum, detected 
using the refractive index detector connected to the column outlet. Extra column effects 
were determined without the column from the system response.
A measurement of the effective size of a polymer molecule is the radius of gyration (s), 
defined as the root-mean-square distance of the elements o f the chain from its centre of 
gravity (Flory, 1953). The values o f the radius of gyration s o f the polymer was estimated 
from the relationship
M =
1-2 .63- (2 a 1^  + 2 .86-f — a —- (nM
MW
(5.1)
'J'Xwhere [rj] is the sample intrinsic viscosity, 0 0 is an universal constant equal to 2.86x 10 , a 
is one of the constants estimated from the linear plot o f Log[rj] vs. Log(MW) obtained from 
Mark-Houwink-Sakurada equation [rj] = K*(MW)a, (Schmid, et a l;  1991).
The sample kinematic viscosity (v) was measured with capillary viscometer immersed in a 
water bath at 20°C, measuring the time t for the samples and twater for the buffer to drain 
between the two marks above the capillary tube. Samples densities are assumed not 
significantly different, equal to water density y9wate r - l g / n i l ,  therefore numerically the 
kinematic viscosity v coincided with the dynamic viscosity rj. It was also assumed puffer =
7 water 1 C p .
"H ~  'Hwater ’  ------- (5 -2 )
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For each standard, the intrinsic viscosity [rj] is defined as
water (5.3)
and is usually approximated extrapolating the experimentally determined values of 
water ~  0 /C  at different sample concentration C to C = 0. Here, one concentration per
sample is used (~  1 mg/ml), assuming that this is low enough so that the correspondent [rj\ 
is very close to the extrapolated value. The intrinsic viscosity can then be approximated as
The polymer hydrodynamic volume obtained from viscosimetric data was considered the 
only molecular parameter determining retention (Grubisic et al., 1967).
Flodin, 1992).
Results: The results of sample viscosity and elution volume measurements with subsequent 
calculations are summarised in Table 5.1, while Mark-Houwink-Sakurada constants and the 
histogram representing the pore size distribution are in Figure 5.1.
The retention volume for the polyethylene standard (MW = 920 kDa) was set as void 
volume (Ve), column voidage of 0.355 was found and adopted in affinity chromatography 
experiments and calculation. From the total bed volume Vbed of 0.7065 ml, Vted -V e equal 
to 0.4565 ml was calculated and set to 100% of pore volume availability.
In Table 5.1, to each sample molecular weight (MW) a value of intrinsic viscosity is 
associated with respective dimension (radius of gyration) and depending on the elution 
volume (Vr) also with the fraction of volume pores penetrable 1 - (Vbed -  Vr )/(Kw  - V e).
From the percentage of pores penetrable by a given sample the percentage of pores with the 
correspondent size is calculated and summarised in the right hand side o f Figure 5.1; 
around 50 % of the total separating pore volume consists of pore radius > 40 A.
M = n -1 (5.4)
The radius of gyration was set equivalent to the radius o f the pore which the standard was 
able to diffuse into and a pore-volume distribution histogram was obtained (Schmid and
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Table 5.1: Viscosity and elution volume measurements with relative calculated values for intrinsic viscosity, 
radius o f gyration, and percentage of pore volume available for the relative molecule to diffuse in.
MW (Da) tcappil. (min) >7/>7water [ t j ]  (cm3/g) LogM Log(MW) Radius (A) V r (ml) %  o f  penetrable
pores.
5900 26.5 1.039 39 1.539 3.771 15 0.68 94
11800 27.5 1.078 78 1.894 4.072 25 0.605 78
27800 27.8 1.090 90 1.955 4.444 35 0.503 55
51500 29 1.137 137 2.138 4.712 49 0.413 36
95000 30 1.176 176 2.247 4.978 65 0.347 21
140000 31.5 1.235 235 2.372 5.146 82 0.317 15
438000 37.5 1.471 471 2.673 5.641 150 0.26 2
920000 49 1.922 922 2.965 5.964 242 0.253 1
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Figure 5.1: Left: linear regression o f experimentally determined Log values o f intrinsic viscosity against 
corespondent Log values o f molecular weight. Right: histogram o f the total % of pore size distribution.
5.5 Chromatographic Methods
Three columns, slurry packed under mild vacuum with LTA-Agarose, were used to 
investigate the interactions between LTA and pnpf, by chromatographic performance 
investigations using frontal and zonal applications with HPLC system as described in 
Chapter III. The p-nitrophenyl group was detected at 305 nm at different sensitivities 
depending on the sugar derivative concentration. The breakthrough curves, from frontal
Log [nl = 0.582 X Log (MW) - 0.589
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loading, were normalised to the plateau value for each run to obtain the normalised 
concentration C/Co. Experiments were run under isothermal conditions, with buffer eluent 
(50 mM Phosphate buffer pH 12-1A  with 150 mM NaCl and 0.02% Sodium Azide) and 
the column in a water bath kept at 5 and 20 °C. Frontal sample loadings were carried out 
using large injection loops (>7ml). Between each run, columns were extensively washed 
with running buffer. Adsorption isotherms were determined from the experimental 
breakthrough curves by the area method (Kasai and Oda, 1986, Appendix B) using the 
Langmuir equation for a single set of binding site model and Adair expression for a two 
sets of binding sites.
Frontal sample application set of tests with a 3 x 100 mm glass column, packed with fresh 
gel, was run at 0.1 ml/min (85 cm/h) at 5 and 20°C. A 3 x 250 mm glass column packed 
with LTA-Agarose was employed to investigate pnpf separation when it is pulse injected 
with other impurities represented by pnpg or pnpa. These experiments were performed at a 
flow rate o f 0.1 ml/min and at temperature of 5°C. A 4*125 mm LTA-Agarose stainless 
steel column was also operated in ZC with relatively high flow rates. Sample injections (5 
pi, containing pnpf and pnpg) were carried out at 0.2 and 0.3 ml/min and 5°C.
5.6 FC characterisation: Results and Discussion
Breakthrough curves for the 3 x 100 mm column loaded at 0.1 ml/min with a number of 
pnpf concentrations at 20°C and 5°C are shown respectively in Figure 5.2 and 5.3. The 
experimental adsorption data calculated from the breakthrough fronts (Appendix B) are 
well described by the Langmuir equation (Figure 5.4). The equilibrium constants are 
obtained from a non linear least square data fit using the Scientist package. These results 
are summarised with the theoretical/literature values in Table 5.1, where the theoretical 
maximum biding capacity (3.7-7.4* 10'5 M) was calculated on the basis o f manufacture's 
data (between 1 and 2 mg of LTA is immobilised per ml of Agarose gel). One binding site 
per monomer of 27 kDa and 1 to 1 stoichiometry of binding with L-fucose was assumed 
according to the manufacture's cited literature (Klab, 1968 and Yariv et al., 1967), although 
this is not in line with the purified LTA obtained in this work (data in Chapter IV).
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Figure 5.2: Frontal Chromatography of pnpf (molar concentrations in the legend) and pnpg (first breakthrough 
on the right) using 3X100 mm LTA-Agarose column at 85 cm/h and 20°C.
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Figure: 5.3: Frontal Chromatography of pnpf (molar concentrations in the legend) and pnpg (first 
breakthrough on the left) using 3X100 mm LTA-Agarose column at 85 cm/h and 5°C.
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Figure 5.4: Experimental calculated equilibrium adsorption values from the breakthrough curves o f Figure 5.2
and 5.3. Dotted and dashed lines are the best fits obtained. x : 20°C FC experiment, q 5°C FC experiment.
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The theoretical value for K j in Table 5.2 is taken from the work of Rathi et al. (1997) which 
is in agreement with earlier equilibrium dialysis studies (Klab, 1968 and Yariv et al., 1967).
Table 5.2: Maximum binding capacity and dissociation constants 
calculated from this experimental work and theoretical values.
Langmuir 85 cm/h, 5°C 85 cm/h, 20°C
Theoretical
constants column 3><100 column 3x100
(Jmax ( M ) 6.6E-5 4.8E-5 3.7 - 7.4E-5
**(M) 3.3E-5 5.8E-5 2.9E-5
The strength of binding was observed to decrease, in terms of dissociation constant, with 
increasing temperature as expected for an exothermic interaction. The free energy of 
binding was calculated at 5 and 20 °C, AG°--56&0 cal/mol. As observed in the micro- 
calorimetric studies o f Chapter IV, LTA-L-fucose interactions are enthalpy-entropy assisted 
(AG° is constant with temperature). Especially at low temperature (5°C), AH° is 
approximately equal to -TAS? (same contribution to AG°), therefore A l f  =-2840 cal-mol'1 
and AS3 = 1 0  cal-mol'1-K'1. These are very close to the results from L-fucose titration 
calorimetry experiments, where AH0 =-2326 cal mol'1 and AS° = 7.8 cal-mol'1-K'1. The 
stronger affinity detected in FC experiments was likely to be due to the hydrophobic 
interactions of phenyl group which could also explain the higher capacity of the gel at 
lower temperature when those effects are particularly important.
Scatchard plot non linearity (figure 5.5) again provides evidence that the single set of 
binding sites model is not ideal. As done with the Con A affinity system, the experimental 
data were fitted with the Adair two binding sites population model (equation 2.31) and the 
resulting intrinsic association constants are reported on the graphs o f Figure 5.6. At 5°C 
between the two binding sites there seems to be positive cooperation, while during ITC 
experiment the cooperation resulted to be negative, this discrepancy was observed for 
ConA as well. Hydrophobic interactions o f the phenyl group might have played a 
significant role during FC experiments in determining a stronger secondary interaction, 
which decreases (as expected for this kind of interaction) when the temperature increases to 
20°C.
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Figure 5.5: Scatchard plots from the adsorption data obtained in FC mode, for the system LTA-Agarose-pnpf 
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Figure 5.6: Scientiest plots obtained fitting the experimental adsorption results at 5°C (left) and 20°C (right) 
from the FC method with the Adair two sites binding model. The reported association constants are intrinsic 
values.
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5.7 L-Fucose separation: Results and Discussion
The chromatograms of Figures 5.7, 5.8 and 5.9, in terms of peak Resolution (R) and 
Asymmetry (As) show that the separation of specifically bound pnpf sugar (second peak 
eluted) from pnpg (first peak eluted) is strongly concentration dependent.
Figures 5.7 and 5.8 show chromatograms obtained with the 4x125 mm HPLC column, 
operating at 140 and 95 cm/h, while Figure 5.9 shows those obtained with the 3x250 mm 



































































Figure 5.7: Chromatograms showing the elution profiles o f  5 pi equimolar mixture o f  pnpf and pnpg injected
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Figure 5.8: Chromatograms showing the elution profiles o f 5 pi equimolar mixture o f pnpf and pnpg injected
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Figure 5.9: Chromatograms showing the elution profiles o f 5 pi equimolar mixture o f pnpf and pnpg injected
into 3X250 mm LTA-Agarose column, 0.1 ml/min, 5 °C. Concentrations are indicated on each chromatogram.
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It was assumed that all the columns were packed equally with a void volume fraction 
(V/Vbed) of 0.36 as found for the 3x100 mm column in section 5.4. Extra dead volume was 
determined without columns and added to the total void volume Ve. From the non-retained 
(first peak) and retained (second peak) elution profiles the respective capacity factors (Vnr- 
Ve)/Ve and (Vr-Ve)/Ve were calculated. The system selectivity a2j, defined as the ratio of the 
second over the first eluted peak capacity factor, was calculated with small errors values for 
both the column set ups, giving values over 3 at low injected concentrations (Figure 5.10). 
Better Resolution was achieved with the glass column that was twice the length of the 
HPLC column. Improvements are also probably due to the lower superficial velocity used 
in this case. However comparison of Resolution for the same HPLC column operating at 
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Figure 5.10: Resolution (R) and Selectivity (a^;) for LTA-Agarose columns when and a number o f equimolar 
mixtures o f pnpf and pnpg are injected at 140, 95 and 85 cm/hour.
The number of theoretical stages N, was calculated for the 3X250 mm column at the limit of 
lowest concentrations processed and it gave values between 100 and 120 theoretical 
equilibrium stages. This number falls 20-30 % for the effective plate number Neff (Figure 
5.11), defined as (Jungbauer, 2000),
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Finally the height equivalent to a theoretical plate versus superficial mobile phase velocity 
is shown in Figure 5.12 for the 3><250-glass column, for three different concentrations 
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Figure 5 .11: Dependency o f the column number o f  theoretical (N) and effective (Nefi) plates with different 
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Figure 5.12: Column (3x250 mm) efficiency against superficial velocity relative to the specific elution peak 
o f  pnpf, points are based on the results o f three concentrations injected 0.156 mM, 0.078 mM, 0.039 mM.
Results were well within the range of typical bioaffmity chromatographic applications, 
axial dispersion appears to be negligible, non-equilibrium effects due to a combination of 
slow mass transfer and adsorption-desorption kinetics are probably responsible o f the 
higher HETP value at higher flows. A theoretical number of equilibrium stages up to 500
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Figure 5.13: Chromatograms used to evaluate HETP versus superficial velocity summarised in Figure 5.11.
Elution profiles o f  5 pi containing pnpf and pnpg at 0.156, 0.078, 0.039 mM injected into 3><250 mm LTA-
Agarose column, at 5 different flow rates and at 5 °C.
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The performance o f these columns degraded irreversibly over a period of three months. 
Ligand leakage and damage to the gel structure resulting from high flow rates were 
probably the main causes. The chromatograms used to evaluate HETP in function of flow 
rate in figure 5.13 were obtained with the best performance of the column already partially 
compromised, peaks became broader and tailing increased. This can be observed 
comparing the chromatograms at 0.1 ml/min of Figure 5.13 with the chromatograms 
relative to the same concentration mixture injected earlier, shown in Figure 5 9.
5.8 Process feasibility and scale up
“The design of a production chromatography system is a complex exercise because of the 
many process variables involved” (Coulson & Richardson, 1968).
To increase throughput, preparative chromatography is usually operated under extreme 
conditions o f high flow rate and sample overloading and the obvious drawback is reduction 
in efficiency and resolution. In 1989 Hupe and Hoffman investigated the production rate in 
the case o f volume or concentration overloading highlighting a linear and asymptotic 
increase o f the production rate with increases of column cross sectional area and length. 
They concluded that if  L0 is the length of the analytical column to perform the desired 
separation with infinitesimally small sample, during scale up it is convenient to increase the 
length up to 3/2 L0 and then increase the cross sectional area to optimise the production 
rate. Herbert (1991) reported an acceptable ratio o f three between the efficiency of 
analytical and preparative columns, therefore longer columns are required at larger scale. 
However, it is not always possible to use longer columns to this degree. Particularly with 
soft gels, longer columns increase the weight of the packing and the drag force on the lower 
part of the bed leading to compression. Also the general assumption o f pore diffusion 
control step i.e. N  is proportional to column length over particle diameter is questionable 
for the weak biospecific interaction of small sugar molecules where other kinetic effects 
must be considered. There are always specific issues in different situations and a single 
formula is not available, analytical trials are essential. Generally a constant ratio L/dp 
should keep resolution, throughput and pressure drops constant and is often used in scale up 
development (Wankat, 1986) if different particle sizes are to be used.
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When physico-chemical characteristics of the chromatographic system from the laboratory 
to the preparative scale can be maintained constant, the conventional way to scale up is to 
increase the column diameter at constant length (Jangbauer, 1993).
A detailed analysis of the possible scale up of the separation described analytically in this 
chapter is beyond the scope of this screening study but the results allow some general 
observations to be made.
Taking experiments with the narrow 3><250 mm column; the flow rate (85 cm/h) was very 
high for the matrix and the column bed did not collapse thanks to the support from the 
column walls. In a larger scale application a lower flow rate would be required, therefore 
the efficiency would benefit and the gel compressibility effects reduced. An industrial 
scale column could retain similar length to that used in the laboratory scale with the column 
diameter increased greatly, thus from the analytical 1.7 ml column a larger scale application 
could be done with a 100 litres column of dimensions 720x250 mm.
In 1986 Knox and Pyper showed that to maximise the throughput, the use of concentration 
overloads is attractive but the sample volume could approach half o f the retained elution 
peak volume obtained at analytical scale. This conclusion seems too optimistic in the lectin- 
sugar system. Here, increasing the injections volume from 5 to 20 pi seriously degraded the 
separation even at low concentrations. As already stated previously, in work on a small 
scale, extra column effects can be responsible of the majority of band spreading and this 
could be reduced on a larger scale. However the retained sugar contained in the 5 pi 
injected mixture was very diluted in the column outlet, within 1.5 ml (elution peak width). 
This would lead to too high injection volume based on the Knox and Pyper (1986) scale up 
studies.
If the low loading fraction is maintained constant (0.3 %) during scale up to a 100 litres 
column, 305 ml would be processed each run. Using half the superficial velocity used in 
analytical experiment and a sugar concentration of 5 mM it would be possible to process
1.5 g/d, running 6 injections per day and washing and regenerating overnight.
A Chromaflow column designed and commercialised by Amershan Pharmacia biotech, 
could provide a suitable solution: it permits packing, operation, unpacking and cleaning in
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situ (no need to lift the lid). This has evident practical advantages and has shown excellent 
performance and reproducibility (Williams, 2002).
Two factors have not yet been considered: the purity required, which can completely 
change column design and operating condition, and the real nature and amount of 
impurities in the desired feed. The significance of these factors can be reduced by including 
the affinity chromatographic step as late as possible in the purification scheme (Janson and 
Hedman, 1982).
Higher productivity can be achieved by increasing the sorbent capacity or the flow rate 
(Robinson, 1974), the first option seems to be more realistic with fragile matrices. 
Increasing flow rate could be the best solution if the pressure drop (AP) could be kept low 
by stacking shorter columns or using an alternative column design known as radial flow 




Low Affinity Pair Size Exclusion Chromatography
6.1 Summary
The two sections o f this chapter describe a novel approach for monosaccharide separations: 
Low Affinity Pair Size Exclusion Chromatography (LAPSEC) which uses the specificity of 
free lectin in solution within a size exclusion column. In the first section, LAPSEC is 
described and its effectiveness investigated through qualitative and quantitative analysis of 
the separation achievable, carrying out simulations with a simple multi-sectional 
equilibrium model. The second part is focused on the experimental application of LAPSEC 
with ConA and LTA -monosaccharide systems. The potential o f this technique for 
downstream L-fucose recovery is demonstrated and in particular the ease, economics and 
versatility o f process set up and operation, compared with immobilised lectin 
chromatography, suggests that LAPSEC could provide a viable alternative to traditional 
Affinity Chromatography.
6.2 Introduction
Although immobilised low molecular weight ligands can be used effectively to recover 
high molecular weight proteins, the converse is not usually true. The adverse molecular 
weight ratio and practical limitations will rarely be cost effective for the recovery of low 
molecular weight species. This is particularly true for weak lectin-monosaccharides 
interactions. Despite these practical constraints, affinity separations are potentially 
attractive as they can allow a high degree o f optical or regio-selectivity not easily achieved 
with other approaches.
120
In 1962 Hummel and Dreyer first used gel filtration to separate ligand macromolecule 
complexes from free species to allow calculation of both bound and free concentrations. 
Using similar principles this technique could also be exploited for chromatographic 
separation of weakly bound species. This size exclusion based protocol removes the need 
for macromolecule immobilisation hence allowing the use of higher macromolecule 
concentrations and offering significant potential for cost reduction.
6.3 Protocol
In the absence of specific interaction between large and small molecules, a size exclusion 
chromatographic column would operate in a desalting mode when is loaded with gel which 
allows a partition coefficient of one for molecules of interest (e.g. MW<1 kDa) and zero for 
the macromolecules (e.g. MW>20 kDa). The macromolecules would elute after an eluent 
volume equal to the void volume and the small molecules after a volume of eluent 
equivalent to the total column volume. If one of the components of a mixture of small 
molecules is reversibly bound by the macromolecule-receptor its effective partition 
coefficient is reduced and it will elute earlier than unbound material providing a basis for 
separation. When the affinity interaction is weak there is the additional advantage that 
conditions can be engineered such that the macromolecule elutes as a pure component, that 
is easily recycled and reconcentrated. The low molecular weight sample would be mixed 
with the high molecular weight receptor and applied to the column as a discrete sample, this 
is followed by a period of elution with buffer containing receptor and then the remaining 
elution is conducted with buffer without receptor.
6.4 Practical issues
Feed concentration in SEC is limited by viscosity and macromolecule aggregation 
constraints; this effectively limits protein concentration to be lower than approximately 10 
mg/ml. Depending on the sample volumes used and stochiometry of the interaction, the 
low molecular weight ligand concentration can be higher than that o f the macromolecule. 
The sample volume is also limited by the need to ensure adequate column length for
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excluded material introduced at the trailing edge o f the sample to pass included material 
introduced at the leading edge o f the sample. In an affinity pair application the applied 
volumes for sample and receptor can be different such that an increased elution volume of 
receptor solution can be used to compensate for the concentration limitations. Finally in 
terms of interaction strength; the lower the dissociation constant the higher the fractional 
binding will be for a given set of ligand-receptor concentrations. This will magnify the 
apparent reduction in the partition coefficient for the bound ligand, however tighter binding 
will increase the degree to which ligand is co-eluted with receptor and will limit the 
potential for direct recycle of receptor.
6.5 Potential benefits
This is a highly selective potentially viable separation technique for preparative scale 
recovery o f low molecular weight products offering low resin costs, efficient use of affinity 
receptor, no requirement for specific eluents and process flexibility. In fact the same resin 
can be used with different affinity pairs for different separations, the affinity pair can be 
replaced once denatured without replacing the support matrix, and the matrix can be 
sterilised without risk to the affinity pair.
6.6 Model development
The plate model has proved extremely useful in chromatography, in that it provides a 
convenient means of evaluating and comparing column performance from a determination 
of height o f a theoretical plate under operating conditions. The assumption that each plate is 
at equilibrium requires that the governing rate processes, adsorption/desorption and mass 
transfer, are rapid compared with the liquid velocity through the column. This means that 
with equilibrium plate models, predicted performance will be independent of column feed 
rate. The magnitude of discrepancy will depend on the balance of the rate processes and 
the column feed rate achievable in a given application.
The more rigorous approach taken in the application of rate models overcomes the inherent 
limitation o f stage models. However, the mathematical complexity of these models usually
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necessitates a number o f simplifying assumptions as described in Chapter II and the 
requirement to numerically solve the partial differential equation describing column 
concentration as a function of both time and position imposes large computational burdens 
(Arve and Liapis, 1988). In this work a multistage approach is adopted, , rate equations 
neglected and equilibrium assumed throughout each stage in which the column is 
composed.
Given the fragile structure of the gels employed for these kinds of applications, flow rates 
must usually be lower than 10-20 cm/hour and that makes the equilibrium hypothesis 
viable.
In the plate theory, equilibrium between gel and liquid is implicitly assumed such that the 
number of theoretical plates can be calculated from the response o f the column. Hence 
given the column length, the height equivalent to a theoretical plate (HETP) can be 
calculated and used as a comparative index o f performance. The column is divided into a 
number o f sequential stirred tanks where fluid elements are stepped from stage to stage as 
elution proceeds (Wankat, 1974). Within each stage, the system is modelled as a batch 
reactor, the reaction is assumed to reach equilibrium instantaneously and the model is 
essentially identical to the plate theory.
6.6.1 Model structure
Once that the column is described as a series o f N  equilibrium stages, the material balance 
equation for each species involved must be solved at every stage and for every loading step, 
the input and initial conditions specified and the output conditions calculated. This is 
achieved by taking the initial conditions for the gel as those at the current stage for the 
previous step, and the initial conditions for the liquid phase as those at the previous stage at 
the previous step. The conditions are updated at the end of each sequence of stage 
calculations. Column loading is determined by setting a loading volume fraction/ ,  as a 
function o f total bed volume; f p for the volume of protein injected and f a for the sugar 
mixture.
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f  = Yj*2£L (g.!)
^ b e d
therefore the number of loading steps Ls is calculated using the stage volume and column 
voidage;
4 = ^  (6-2)
Hence for this number of steps the feed to the first stage is set at the specified feed 
concentration, thereafter the feed to the first stage is set to zero.
This protocol simulates the addition of an ideal square pulse to the column but any desired 
pulse shape could be generated.
6.6.2 LAPSEC theory and algorithm
Two low molecular weight species A and B are considered; A specifically binds to the 
higher molecular weight receptor P while B does not. A and B species can partition 
between liquid (Ve ) and gel (Vs ) phases of a size exclusion column on the other hand P is 
completely excluded. Depending on the partition coefficients the concentration of A will 
be higher in the liquid phase Ve, representing the column voidage and hence A will move 
faster than B throughout the column. In the following the subscripts s and e indicate 
respectively quantities belonging to stationary and mobile phase, Kp (as defined with 
equation (2.1)) is the partition coefficient and the species are indicated with the subscripts 
A, B and P. The total column volume is Vbed = Vs + Ve, the voidage e  was defined with 
equation 2.2 and the equilibrium partition expressions follow,
Conditions will be chosen such that K pA = K pB = 1, K pP = 0 and assuming that only A
binds to the receptor protein P. In the stage model the liquid element in the current stage is 
transferred to the following stage and is replaced by the liquid element coming from the 
previous stage. Since the protein P is only in the mobile liquid phase, all adsorbed A is 
transferred to the next stage. Figure 6.1 shows an ith equilibrium stage during loading step.
CAe (i-l)
a Be (i-l) CBe (i-l) CPe(i-l)
>1 >1 >f
CAe(i) CBe(i)
Figure 6.1: The ih equilibrium stage during a loading step.
The A, B and P material balances for each equilibrium stage i are:
^ A j o t ( i )  =  £  '  ( p A e ( i - l )  +  ^ A e ( i - l ) ) +  0  —  £ ) '  ^ A e ( i )  ( 6 - 6 )
^ B j o t ( i )  ~  6  * C Be( i - \ )  +  ( l  — * 0 '  C Be(i)  ( 6 . 7 )
C p j o t ( i )  ~  £  ‘ C p e ( i - l )  ( 6 - 8 )
Assuming mutual depletion the binding expression in terms of dissociation constant is
g  _  ^  A Jot % A e )  ^ f ' P j o t  ^ A e )  ^
$Ae
and solving for qAe,
_  (^ / ^Ajot Cpjot +  2 • CAjot-Kd +2-CPjot • Kd + 2 ' CAjot' Cpjot "*■ Cpjot) im
^ c=  !    (6-10)
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while liquid phase concentration o f  A at equilibrium is
CAt={CAM- q J  (6.11)
The model based on this mathematical approach was written in Power Basic and listed in 
Appendix A and a flow chart for this algorithm is given in Figure 6.2
Set Model Parameters
I
Repeat for the Number of Loading Steps
Repeat for the Number of Equilibrium Stages h  
1
Compute Total Concentration in Each Stage 
and Revise Stage Concentrations
~ T ~ ...................
Proceed to Next Staqe
I
Update Stage Concentration Prior to Next Step
 1_____________





Figure 6.2: Flow chart describing the model algorithm.
The concentration of A (CA), B (Cb) and P (CP) with dissociation constant (Kd) for A-P 
interaction, the number of loading steps (Nstep) and stages (Nstage), column voidage (e) 
and injection volume fractions (/a  for A-B m ixture,^ for P) are all input values.
The concentration elution profiles of A, B and P normalised to the input values and some 
chromatographic performance parameters, such as A-B resolution (R), retention volume for 
A (normalised to the total bed volume V^d), purity, dilution factor and peak asymmetry (As) 
for A are generated as programs outputs. The purity for the target component A is 
calculated as a percentage of overlapping peak A over peak B, and the dilution factor as the 
ratio of the initial number of loading steps and the real number of loading steps with which 
peak A is totally eluted. Retention Volume, Resolution, and peak asymmetry are typical 
chromatographic parameters used for separation evaluation, defined in Chapter II.
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6.6.3 M odel predictions
The first set of simulations is run with the macromolecule carrier- receptor P at constant 
concentration in the mobile phase (fp= l). Good resolution between P and A can be 
achieved over a wide range of CA concentrations of A injected, as shown in Figure 6.3. In 
the following chromatograms, peaks are always normalised over the initial injected 
molecule concentration as C/C0.
0.03
C/Co C onstan t input values:
0.025
1 E-4 M < Ca < 1 E-1 M
fA = 2.82 E-3
0.02  - C b = 0.92 E -2 M 
C p = 1.54 E-4 M
0.015 - Void = 0.32 
Kd = 1 E-4 M 
N stag e  = 500 
N step  = 20000.01
0.005
0.2 0 .4 0.6 1.2
Vr/Vbed
-0.005
Figure 6.3: Elution profiles o f mixtures o f impurities B (black peak) and a number o f target A concentrations 
(coloured peaks) injected when the mobile phase contains receptor P.
This clearly represents a limit situation where the maximum lectin capacity achievable on 
the edge of protein solubility can be totally exploited throughout the whole column bed to 
optimise A-B separation and maximise throughput. Of course this is unlikely to be 
achievable since f p<l and P, A, B should ideally elute as pure components. Calculated 
chromatographic parameters and relative trend lines are summarised, as a function of
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concentration of A injected, in Figure 6.4, over the range where 100 % purity for A was 
obtained.
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Figure 6.4: Resolution R, retention volume fraction Vr /Vbed, Purity and Dilution factor for A. Points are 
calculated from the elution profiles relative to the simulations o f Figure 6.3.
Within this concentration range for A, the second set of simulations (Figure 6.5) shows that 
a smaller finite amount of protein receptor can be injected, eluted as a pure component 
while generating a decent separation of A from the impurities B. However the range of A 
concentrations which can be injected while maintaining reasonable separation becomes 
smaller. Figure 6.6 highlights a drop in Purity and Resolution above a critical value of Ca-
When the injected P concentration is increased 3 fold, the simulation shown in figure 6.7 
clearly shows that A is always co-eluted partially or totally with P. Similarly Kd, values 
can affect the separation; a high affinity A-P pair makes A partially or totally co-eluted 
with P, while too weak interaction does not effectively separate A from B (Figure 6.8).
1 2 8
Trends, describing chromatographic parameters dependence on the strength of binding (Kj), 
are in Figure 6.9.
The last simulations (Figure 6.10) investigated the effect of the number of equilibrium 
stages on the model elution peaks shape. As expected from equilibrium theory, peaks 
spread when Nstage is decreased but in terms of A-B separation performance, the 
resolution R seemed not to be greatly affected for Nstage > 150 (Figure 6.11).
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Figure 6.5: Elution profiles of mixtures of impurities B (black peak) and a number o f targets concentrations of 
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Figure 6.6: Resolution R, retention volume fraction Vr /Vbed, Purity and Dilution factor for A. Points are 
calculated from the elution profiles relative to the simulations of Figure 6.5.
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Figure 6.7: Elution profiles of mixtures of impurities B (black peak) and a number o f targets concentrations of 
A (coloured peaks) injected together with a finite volume containing P (shaded area square pulse) 3 times 
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Figure 6.8: Effect o f strength o f interaction on elution profiles of mixtures of impurities B (black peak) and 
target component A (coloured peaks). P (shaded area square pulse) concentration is as for Figure 6.5.
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Figure 6.9: Resolution R, retention volume fraction Vr /Vbed, and Asymmetry factor As for A against A-P 
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Figure 6.10: Effect o f the number o f equilibrium stages on the elution profiles o f mixtures o f  impurities B and 
target component A. Macromolecule receptor P eluting within the shaded square pulse.
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Figure 6.11: Effects o f the number o f equilibrium stages on retention volume Vr /Vbed, Asymmetry As and A- 
B resolution R.
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6.7 Introduction to experimental LAPSEC investigation
Results with commercial immobilised lectins on agarose gel show that specific 
monosaccharides separation can be achieved using this system but both the possibility of 
scale up and the applicability to a real process stream containing target monosaccharides 
must be further investigated. Unfortunately costs, poor stability and short lifetime of these 
materials make further process scale up less attractive.
Lectin/monosaccharide weak affinity interactions and their difference in size represent an 
ideal target for a LAPSEC application. This combination of Affinity and Size Exclusion 
Chromatography for monosaccharide separations has been studied. This was preferred to 
further investigation of immobilised LTA system mainly because this new approach avoids 
lectin immobilisation, is easy and straightforward to perform and the model predictions 
were promising.
6.8 Materials
General reagents, sugars, p-nitrophenyl-a-D-mannopyranoside (pnpm), -a-D- 
glucopyranoside (pnpg), -a-L-arabinopyranoside (pnpa), -a-L-fucopyranoside (pnpf), 
Concanavalin A type IV highly purified and cellulose dialysis tubes (12 kDa cut off) have 
been commercially obtained from Sigma Ltd. (Poole, England). Polyethylene syringe 
filters 0.22 pm were obtained from Millipore (Watford U.K.)
Ultrapure water from an ELGA Purelab Option Unit (Bucks, U.K.) was used throughout. 
Lotus Tetragonolobus lectin (LTA) purified, as described in Chapter IV, from winged 
beans (Thompson and Morgan, Ltd., Ipswich, UK) was used and dry size exclusion BioGel 
P-6 was purchased from BioRad (Hertfordshire, England).
6.9 Equipment
A schematic diagram of the chromatographic equipment operating in LAPSEC mode is 
outlined in Figure 6.12; injection loops for macromolecule (lectin) solution P, target
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monosaccharides A and impurities B mixture are represented respectively with syringes (3) 
and (4) and are realised experimentally with two manual Rheodyne 7010 valves (Supelco, 
Poole U.K.). The detector (7) is a Gilson UV 116 (Anachem, Luton U.K.) or RID-10A 
Refractive Index from Shimadzu (Wolverton, U.K.), depending on the nature of the sugars 
to be detected. Chromatogram data are visualised and collected with VisiDAQ Acquisition 
Card (Captec Ltd. Hampshire, England) on a common PC and exported as excel files.
The back pressure regulator (8) is essential to prevent trapped bubbles in the detector cell 
and improve baseline stability (max 75 psi) especially with the Gilson 306 HPLC pump (2) 
working at extremely low flow rates (0.01-0.02 ml/min).
TS]
1 Vr/Vbed
Figure 6.12: Schematic diagram of the LAPSEC equipment; (1): buffer reservoir, (2): delivery pump, (3): 
injection loop for protein solution, (4): injection loop for sugar mixture, (5): water bath, (6): chromatographic 
size exclusion column, (7): detector, (8): back pressure regulator, (9): valve, (10): recycle line, (11): product 
and waste line, (12): typical chromatogram.
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6.10 ConA tests: Methods
The ConA sample is made by dissolving the lectin in Tris Buffer; after a few hours dialysis 
against the same buffer and filtration throughout 0.22 pm polyethylene syringe filters, the 
final concentration is adjusted to 5 mg/ml. Dry BioGel P-6 was hydrated and allowed to 
swell in the chromatographic buffer (75% v/v o f buffer) at operating temperature for 3-4 
hours. An analytical glass column 3 x 250 mm was slurry packed with the wet gel under 
vacuum. The system equilibrated at 20°C with 20 mM Tris Buffer pH 7.2-7.4, containing 
0.5 mM CaCl2, 0.5 mM MgCl2, 0.5 mM MnCl2 , 150 mM NaCl, 0.02% Thimerosal as 
preservative and 5 mg/ml of Concanavalin A. The mobile phase is recycled at a flow rate 
of 0.02 ml/min and 5 pi injections of L-Ara and D-Man single or mixed together have been 
performed, the monosaccharides detected with a Shimadzu RID-10A and passed to waste.
A second set o f three experiments was carried out with same column but lower flow rates, 
0.01 ml/min. This time ConA was injected with a 100 pi loop containing 5 mg/ml rather 
than included in the mobile phase. 5 pi injections of pnpm (0.1 mM), pnpa (0.37 mM) or a 
mixture o f both were performed. The absorbance o f eluted material was recorded at 305 
nm. The wavelength was chosen as before to exploit the higher absorbance of sugar 
derivatives rather than protein at this wavelenght.
6.11 ConA-D-Mannose low affinity pair: Results and Discussion
When ConA is immobilised on the chromatographic gel, separation of injected 
monosaccharides is based on their partition coefficient (.KP>1).
On the other hand in the LAPSEC system with ConA in the mobile excluded phase, 
separation is still based on Kp but this time KP<1. Figure 6.13 (left) shows the results of 
single monosaccharide injections; since L-Arabinose is not a specifically bound by ConA, 
its elution was not affected by the lectin dissolved in the mobile phase and it was eluted 
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Figure 6.13: Performance of 3><250 mm BioGel P6 column with mobile phase containing ConA. Elution 
profile detected with Differential Refractor Index, 5 pi injection loop.
Figure 6.13 (left) shows the elution of D-Man at concentration of 3 and 1.5 mg/ml and the 
effectiveness of ConA in reducing the apparent sugar partition coefficient is evident. The 
second peak appearing in these chromatograms could be explained in terms of impurities 
present in the sugar solution, or depending on the unfavourable ratio of maximum binding 
capacity to sample applied, part of the D-Man sample could be left behind (not predicted by 
the model). The two chromatograms in Figure 6.13 (right) represent a mixture of D-Man 
and L-Ara both at 1.5 and 0.375 mg/ml.
Obviously having lectin receptor free in the mobile phase works as well as the immobilised 
lectin; although the specific target sugar is eluted contaminated with the protein while with 
the standard affinity chromatography mode is eluted pure. The possibility of achieving the 
same results using a small finite volume of ConA injected and eluted alone was proved 
with the model simulations and tested. Results are shown in Figure 6.14. A total number 
of approximately 20 nmoles of ConA monomer are injected with 0.5 nmoles of pnpm, 1.85 
nmoles of pnpa respectively both together and separately. The separation of pnpm is 
evident when compared with the control experiments also shown in Figure 6.14. For that 
achieved separation, dialysis and filtration of the lectin sample is crucial to remove 
impurities which otherwise would have contaminated the products.
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Figure 6.14: Three chromatograms relative to 100 pi o f ConA (5 mg/ml) samples injected with: 5 pi solutions 
containing 0.1 mM pnpm (blue line), 0.37 mM pnpa (red line) and the two of them together (black line).
6.12 LTA tests: Methods
LTA was purified by affinity chromatography of winged beans extract, as in details 
reported in Chapter IV and used in LAPSEC mode with the same equipment and column 
used for ConA tests (at 5°C). Injections loops of 150 and 350 pi for LTA solutions (1 
mg/ml, concentration determined by SPR and UV measurements) were used for 
respectively two sets of three experiments each. The Lotus lectin solution was injected at 
the same time as 5 pi solution containing 0.2 mg/ml, 0.04 mg/ml and 0.008 mg/ml of pnpf 
and pnpg. The mobile phase (0.02 ml/min) comprised of phosphate buffer pH 7.2-7 A  (50 
mM) containing 150 mM NaCl and 0.02 % sodium azide as preservative. The 
chromatograms are obtained with on line UV detector (305 nm) increasing sensitivity for 
more diluted sugar samples, data acquired and stored on PC with VisiDaq acquisition data 
card. A final test was run, using 4 mg/ml of LTA injected with 350 pi injection loop and 
0.2 mg/ml of pnpf and 2.8 mg/ml of pnpg injected with 5 pi loop.
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6.13 LTA-L-Fucose low affinity pair: Results and Discussion
As demonstrated with ConA, a small finite pulse of Lectin can realise the separation of its 
specific ligand from a mixture of monosaccharides in a BioGel P6 column. Figures 6.15, 
6.16 and 6.17 show the same approach when the target monosaccharide is L-fucose and the 
carrier-receptor is the Lotus lectin, purified from winged beans. The effect of injected 
volume of LTA on the elution of a mixture of pnpf and pnpg is highlighted when compared 
with the sugar control injection (blue line). Increasing the lectin injection loop from 150 to 
350 pi made the separation feasible. As expected for this low capacity system the lower the 
injected ligand-impurities concentration the better their resolution. In fact in Figures 6.16 
and 6.17, better resolution is achieved when sugars samples were diluted 5 and 25 times.
The last set of chromatograms in Figure 6.18 demonstrate how 350 pi of a 4 times more 
concentrated LTA sample can pull out the same amount of pnpf as the conditions used in 
Figure 6.15 although impurities (pnpg) were 10 times more concentrated.
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Figure 6.15: LTA (1 mg/ml) volume effect on the elution o f 5 pi sugar mixture, containing pnpf and pnpg, 
injected alone (blue), with 0.15 ml (red) and 0.35 ml (black) of LTA containing solution.
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Figure 6.16: LTA (1 mg/ml) volume effect on the 5 times diluted 5 pi sugar mixture, containing pnpf and 
pnpg, injected alone (blue), with 0.15 ml (red) and 0.35 ml (black) of LTA containing solution.
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Figure 6.17: LTA (1 mg/ml) volume effect on the 25 times diluted 5 pi sugar mixture, containing pnpf and 
pnpg, injected alone (blue), with 0.15 ml (red) and 0.35 ml (black) of LTA containing solution.
1 3 9
1.4
 pnpf 0 .22m g/m l,
pnpg 2 .7 7  mg/ml
- — LTA 4 mg/ml, pnpf 
0.22  mg/ml, pnpg 
2 .7 7  mg/ml
0.6






Fig. 6.18: Sugar control injection (blue chromatogram), LTA control injection (red chromatogram) and the 
two injections performed together (black chromatogram). On the x-axis the retention volume is normalised on 
the total bed volume which include column and extra-column contribution.
6.14 Comparisons with the model predictions
In the design of those experimental conditions described in ConA and LTA LAPSEC 
systems, the multi-sectional model proved to be very useful. During model simulation, 
constant input values such as the Number of Theoretical Stages (Nstage -  250 ± 30) and 
Voidage (e= 0.33 ± 0.02) were found experimentally for the 3 x 250 mm BioRad P6 
column injecting sugar and protein alone. Another constant input value was the injection 
volume for the sugars which was always kept at 5 pi, while depending on the application, 
lectin injection volume varied from 100, 150, 350 pi to total bed volume when dissolved in 
the buffer. In the ConA simulation with monosaccharides the dissociation constant (Kj = 
6><1 O'4 M) found during D-Man isothermal titration experiment (Chapter III) was used 
while in the tests with sugar derivatives the value (Kj -  3.5X10’5 M) found during FC 
experiment (Chapter III) with pnpm was adopted. Experimental results and model 
prediction in terms of retention volume fraction and resolution are summarised in Table 
6.1.
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Table 6.1: Retention Volume fraction and Resolution obtained experimentally and using the multisectional 








V a / V ^
(M O D E L )
R R
(M O D E L )
5, in buffer - 16.6 0.868 0.895 0.46 0.43
5, in buffer - 8 .3 0.784 0.875 0.9 0.52
5, in buffer 8 8 0.780 0.875 0.8 0.52
5, in buffer 2 2 0.720 0.855 1.3 0.61
5 in 100 pi 0.37 0.1 0.839 0.724 0.85 0.9
Table 6.2 shows values obtained for LAPSEC tests and simulation when 350 pi of LTA 
was injected. In this case the model input value for the dissociation constant (A^=1.5X lO'4 
M) was assumed as the average value obtained between ITC and FC tests (Chapter TV).
Table 6.2: Retention Volume fraction and Resolution obtained experimentally and using the multisectional 
model for LTA in LAPSEC applications. P is the lectin. A the specific monosaccharide. B the impurities
c P





VA/Vbed VA/V bed 
(M O D E L )
R R
(M O D E L )
1, in 350 pi 0.772 0.772 0.930 0.931 0.191 0.346
1, in 350 pi 0.154 0.154 0.863 0.909 0.557 0.465
1, in 350 pi 0.031 0.031 0.846 0.903 0.704 0.500
4, in 350 pi 9.2 0.772 0.757 0.703 0.930 1.3
Although mass transfer and kinetics limitation are neglected as well as other bands 
broading factors such as extra-column effects, the simple multisectional model gave a 
useful picture o f the separation achievable with a LAPSEC approach and it could provide 
an important starting point for further scale up investigations.
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6.15 LAPSEC tests with less pure LTA on a larger scale
Lotus lectin activity in the crude extract can potentially be used in L-fucose separation in 
LAPSEC mode if just partially purified and adequately concentrated. This approach would 
eliminate the greatest effort in LTA affinity purification and could be exploited collecting 
the higher SPR response fractions eluted from a size exlusion column overloaded with 
winged beans crude extract and injecting them into the BioRad P6 column with the 
monosaccharides mixture.
6.15.1 Materials and Method
Materials and suppliers have been listed previously. The system used was a BioRad semi­
automated FPLC; a schematic layout is shown Figure 6.19.
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Fig. 6.19: Schematic layout for the FPLC system adopted in LAPSEC L-Fucose separation using partially 
purified LTA.
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Concentrated and filtered crude extract (14 ml) was injected into the first column 26 * 600 
mm packed with Sephacryl S-100 kept at room temperature, 10 ml elution fractions 
collected, diluted and analysed with SPR equipped with a papf activated CM5 micro chip 
The highest activity fractions were also assayed at 5 °C with 12.2 mM L-fucose titrant 
solution in the ITC. The chromatographic eluent was 50 mM Phosphate buffer pH 7.2-7.4 
containing 150 mM NaCl, 0.02 % NaN3 and flowing at 0.8 ml/min. Two higher activity 
fractions were identified and in a second run automatically injected with 150 pi, containing 
0.35 mM pnpf and 0.33 mM pnpg, into a second column; 26 x 270 mm packed with 
BioRad P-6 gel and thermostated at 5°C. When the two LTA rich fractions eluted 
completely, the first column was by-passed and washed from the remaining impurities with 
a second pump.
6.15.2 Results and Discussion
The overloaded Sephacryl S-100 column eluted material showed significant spread of LTA, 
however the highest activity was found in the 12th and 13th fraction. Total concentration of 
Lotus lectin in those fractions was determined with a calibrated SPR assay and by 
Isothermal Titration Calorimetry, exploiting a double data fitting procedure as described 
previously and assuming one to one binding between LTA monomer (MW-17 kDa) and L- 
fucose. Final active concentration results were in reasonable agreement, an example is 
reported in Figure 6.20, where 12th and 13th fractions together resulted containing 0.6 
mg/ml from SPR analysis and 0.7 mg/ml from isothermal titration. Even with highly 
concentrated crude extract the final concentration of LTA in 12th and 13th fractions did not 
go over 1 mg/ml this value and Kd result from titration calorimetry were used as inputs in 
the multisectional LAPSEC model. Injection loops were then designed so that the final 
injection fraction was close to the one used during small scale studies, but 3 times smaller 
for the sugar mixture. The BioRad P-6 column efficiency appeared to be maintained from 
small to larger scale (N = 200-300) column as measured with single sugar injections. 
Unfortunately with such a design the model predicted appreciable separation (R=0.6) only 
with LTA concentrations over 2 mg/ml. In fact experimental results did not show sign of 
separation and are not reported. Moreover the two fraction containing LTA showed also too
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large amount of smaller molecular weight impurities, contaminating the elution of the 
monosaccharides mixture with a number of obvious process limitation.
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Fig. 6.20: (a): elution profile o f 14 ml o f crude extract from Sephacryl S-100 column, collected fractions are 
indicated, the 12th and 13th fractions area is shaded, (b): SPR relative response o f pooled fractions, (c): 
fraction 12 and 13 titrated with L-Fucose with thermodynamic results.
However the system could be improved by pre-fractionating the crude extract with 
ultrafiltration modules and optimising the size exclusion column or testing other partial 
purification chromatographic techniques which could fit the process on line, e.g.: ion 
exchange chromatography. This could be the subject of further investigation.
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Chapter VII
Conclusion and Future work
7.1 Lectins: a powerful tool in bio-refining
The exploitation o f lectin specificity to a particular sugar structure in chromatographic 
separation o f monosaccharides was demonstrated to be effective on a laboratory scale, 
using model solutions containing the target solute. The goal of this work is to show the 
possibility o f using this technique, applied to a specific high value low volume 
carbohydrate. The novelty consists in the WAC application to monosaccharides that has not 
been investigated before and in introducing a new chromatographic approach LAPSEC as a 
combination of two well established techniques, Affinity and Size Exclusion 
Chromatography. These processes based on lectins can be considered in bio-refining of 
industrial side streams, containing the sugar target mixed with other similar molecules, 
when high selectivity is required.
7.2 The applications
The experimental work conducted at the beginning on Concanavalin A has been extremely 
useful to identify the main features and constraints involved in lectin based WAC and 
LAPSEC separation of monosaccharides. This led to the real project objective, L-fucose 
separation, with a better understanding o f system performance. The most suitable L-fucose 
binding lectin was identified (LTA) and purified using AC, characterised using a number of 
techniques such as chromatography, ITC and SPR. Compared to ConA, LTA is smaller 
and more selective for L-fucose; this increased the potential chances of the lectin being 
successfully employed.
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In fact LTA was an effective tool in realising highly targeted L-fucose separation, either 
immobilised onto an affinity media (WAC) or as a carrier for the specific sugar in LAPSEC 
mode. The main limitation of these applications was the low capacity, although ConA as 
well as LTA showed unsuspected higher capacity in their relative monosaccharide moiety 
binding.
7.3 The process productivity
A conclusive quantification of the potentials of these techniques can be made in terms of 
Productivity P, defined in Chapter II with equation (2.32). Within the range of 
experimental application tested, achieved productivity during WAC and LAPSEC, are 
summarised with the following graphs in Figures 7.1 and 7.2, reporting the amount of 
fucose separable with the two approaches in function of the injected concentration. 
Immobilised LTA gives higher productivity (Figure 7.1), when the latter is calculated on 
the base of one chromatographic cycle time, since LAPSEC is a much slower process. 
However over a column life time estimated to be 3 months for LTA-agarose column and 
one year for the BioRad P-6 gel column, LAPSEC can achieve higher productivity (around 
260 g with 100 litre column) than WAC (160g with 100 litre column) as shown on the left 
hand side of Figure 7.2. On the other hand the separable range of injected concentration 
tested is higher in WAC and the achieved Productivity is obviously larger (up to 570 g) as 
in Figure 7.2 (right).
 Im m . L T A  2 m g /m l  - • • •  L A P S E C  L T A  1 m g /m l  -  -  L A P S E C  L T A  4 m g /m l
2.2
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Figure 7.1: Trends in Productivity for the two systems; Immobilised LTA and LAPSEC.
146
 Imm. LTA 2 m g /m l LAPSEC LTA 1 mg/ml -  -  LAPSEC LTA 4mg/ml








0 2 4 6
Figure 7.2: Left: Trends in Productivity for the two systems; immobilised LTA and LAPSEC. Right: Trends 
in Productivity for immobilised LTA over the full range o f possible injected mixture concentration.
7.4 Future work
Regarding WAC, future investigation should focus on the development of an inexpensive 
immobilised lectin affinity media, chemically and mechanically more stable, with high 
degree of porosity and with the highest active lectin density possibly achievable. Simple 
mathematical model for WAC have been presented in literature and their feasibility should 
be investigated with this and further experimental data.
LAPSEC is at a very early stage of study, therefore several parameters should be further 
investigated. First of all, to increase throughput, higher flow rates could be tested within 
the limit of bed compressibility, as well as new size exclusion stationary phase. Porous 
glass could be used. Different combinations between concentration and injection loop 
should be examined. In particular the real potential of this method has to be identified yet, 
this means that for a given system, lectin concentration should increase to the limit of 
aggregation and injection loops adapted to obtain the best separation and purity among the 
components involved.
In both approaches costs could be drastically reduced if the lectin required is cloned and 
produced in culture rather than purified from natural plant sources.
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7.5 Conclusions
■ Lectins can be used as a tool in Chromatography for sugar separation; in particular 
exploiting the weak but specific interaction with monosaccharides.
■ The process is based on a balance of dynamic equilibrium and mass transfers 
phenomena with which the target is separated from the rest of impurities under isocratic 
conditions.
■ Once that the target is identified a possible specific and highly selective binding lectin 
can be purified from a natural source.
■ Novel technologies such as ITC and SPR are extremely useful in the purification and 
characterisation process.
■ Despite the unfavourable MW ratio between the sugar target and lectin receptor, the 
latter, in both immobilised and soluble form, has shown large molar capacity for 
monosaccharide. In fact, due to possibly cooperative, secondary non specific or 
specific interactions, relatively high binding capacities in mol terms have been 
measured.
■ It is difficult to identify exactly the mechanism of weak interactions since in this range 
other side effects are energetically significant and influence the overall results, although 
this does not affect the specificity.
■ Langmuir and Adair equilibrium isotherms and the equilibrium plate approach to model 
column chromatographic applications have shown to be simple and provide reasonable 
approximations.
■ LTA can be used for L-fucose purification;
>  either immobilised onto a stationary phase following the classic elution 
chromatography approach.
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> or free in solution as a carrier throughout a size exclusion column 
operating in desalting mode.
■ Both the two approaches have low productivity and low throughput, particularly the 
second one.
■ For the first approach, the use of LTA for the commercial purification of L-fucose will 
depend primarily on the development of a high capacity column of immobilised lectin.
>  Issues like costs, stability and lifetime of those commercial materials 
make scale-up investigation difficult.
>  When relying on analytical results alone, possible larger scale 
applications must be based on very high added-value products.
■ The LAPSEC approach can be a valid alternative for L-fucose purification despite the 
lower throughput, as it yields higher productivity than AC within the same injected 
sugar concentration range.
>  LAPSEC is easy to perform on small and large scale.
>  In direct comparison with a standard LAC approach, LAPSEC 
represents a more economical solution for the separation process of 
small molecules i.e. monosaccharides, using lectins.
>  LAPSEC can be well simulated with a column multi-sectional 
equilibrium model, which could provide the basis of preparative or semi- 
preparative separation protocols.
■ Further studies are required.
>  The effectiveness o f lectin AC and LAPSEC with real complex feed 
streams has to be proved. These approaches should be included at the 
latest stage possible along the bio-refining process.
>  AC scale up could be investigated with larger batch chromatographic 
column operating in plug or radial flow.
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> The requirements of large amount o f lectins could be satisfied cloning 
the suitable lectin for microbiological production, cutting down the 
process major cost.
>  LAPSEC can be further optimised in terms of column lengths, packing 
materials, injection volumes and concentrations.
>  The use of fractionated and concentrated cmde extracts directly in L- 
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Appendix A






co=0.0000259 'Feed concentration 
qm=0.00078 'Maximum resin capacity 






OPEN filenames FOR OUTPUT AS #1
alpha=(l-void)
ht=cvol/nstage






WHILE c(l,nstage)/co <=.999 
FOR i=l TO nstage
ctot=void*c( 1 ,i-1 )+alpha*(q( 1 ,i)+c( 1 ,i))





















Sectional model of an affinity column 







qm=7.8e-4 'Maximum resin capacity
nstage=30 'Numer o f sections
cvol=10 'Column length
fr=2.359e-2 Tlow rate
kl=23435 'Association constants 
k2=33038






OPEN filenames FOR OUTPUT AS #1
alpha=(l-void)
ht=cvol/nstage






WHILE c(l,nstage)/co <=999  
FOR i= l TO nstage
ctot=void*c( 1 ,i-1 )+alpha*(q( 1 ,i)+c( 1 ,i))
IF ctot>le-5*co THEN 'if nothing in stage bypass calculation
























'Bisection root finding routine
SUB bisect(ctot,alpha,qm,a,b,c,d,cx)
x l = ctot 'Set maximum possible value of c = ctot
x2 = 0 'Set minimum possible value of c = 0
CALL func(x2,ctot,alpha,qm,a,b,c,d,fmid)
CALL func(x 1 ,ctot,alpha,qm,a,b,c,d,f)
IF f  * fmid >= 0 THEN 
PRINT "Root not bracketed"
END IF
IF f  < 0 THEN 'Orients search
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cx = x l
dx = x2 - xl
ELSE
cx = x2
dx = x l - x2
END IF
'Bisection loop
acc = .0001 * (xl + x2) / 2
FOR ii = 1 TO 50
dx = .5 * dx
xmid = cx + dx
CALL func(xmid,ctot,alpha,qm,a,b,c,d,xr)
IF xr <= 0 THEN 
cx = xmid 
END IF
IF ABS(dx) < acc THEN GOTO 200 
NEXT ii





'fn(ci) to equal zero 
x=(ctot-alpha*qm*y)-ci 
END SUB
Low Affinity Pair Chromatography Model (LAPSEC) 
Partition coefficient for sugars = 1 




DIM ca(2, 5000), qa(2, 5000),cb(2,5000), qb(2, 5000),cp(2,5000) 
DIM qp(2,5000),ao(5000),bo(5000),po(5000)
'Initial conditions
'Feed concentration for a & b
PRINT "Feed concentration of a?"
LINE INPUT cao$ 
cao = VAL(cao$)
PRINT "Feed concentration of b?"
LINE INPUT cbo$ 
cbo = VAL(cbo$)
PRINT "Feed concentration o f p?"
LINE INPUT cpo$ 
cpo = VAL(cpo$)
'Number o f stages 
PRINT "Number o f plates"
LINE INPUT nstageS 
Nstage = VAL(nstage$)
'Dissociation constant for each component 





LINE INPUT void$ 
void = VAL( voidS)
'Loading fraction
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PRINT "Loading fraction for a"
LINE INPUT f$ 
fa = VAL(f$)
PRINT "Loading fraction for p"
LINE INPUT fp$ 
fp = VAL(fp$)
'Number o f loading steps 
Is = INT(fa*nstage/void) 
lsp = INT(fp*nstage/void)
'Number o f steps simulated 
PRINT "Number of steps"
LINE INPUT nstep$
Nstep = VAL(nstep$) 
print"ls & lsp",Is,lsp 
prinf'nstep",nstep"
'Alpha 
a = (1 - void)
'Set initial stage concentrations to zero for both components
FOR i = 1 TO nstage
qa(l, i) = 0
ca(l, i) = 0
q b (l,i) = 0
cb (l,i)  = 0
cp (l,i)  = 0
q p (l,i) = 0
NEXT i
'Set feed concentration to first stage for loading steps
ca(l, 0) = cao
cb( 1,0) = cbo
cp(l, 0) = cpo
'Column routine
zz=TIMER
FOR 1=1 TO nstep
'Once loading steps exceeded set feed to first stage to zero
IF l>ls THEN
ca(l, 0) = 0
cb (l,0 ) = 0





'Step through the column 
FOR i = 1 TO nstage
'Compute the total concentration in each stage
'i.e. liquid cone from previous stage + adsorbed from current stage
ctota = void*(ca(l, i -1 )  + qa(l, i-l))+a*ca(l,i)
ctotb = void*cb(l, i -1 )  + a * cb(l, i)
ctotp = void*cp(l, i - 1)
'Solution routine for revised liquid phase concentrations 
CALL eqn(ctota,ctotp,kd,qa)
'Revised stage concentrations 
cb(2, i) = ctotb 
ca(2, i) = ctota-qa 
qa(2, i) = qa/void 
cp(2,i)= ctotp/void 
NEXT i
'Update stage concentrations prior to next step 
FOR k = 1 TO nstage
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ca(l, k) = ca(2, k) 
qa(l, k) = qa(2, k) 
cb (l,k ) = cb(2, k) 
cp( 1 ,k)=cp(2,k)
NEXT k





PRINT "time s", TIMER-zz 
'Data output 
PRINT "Filename?"
LINE INPUT filenames 
OPEN filenames FOR OUTPUT AS #3 
'count number of steps containg a 
astep=0



















IF ao(l)>0.001 THEN 
astep=astep+1 









































PRINT "a loaded",cao*ls*void,"a eluted",asum*cao*void 
PRINT "b loaded",cbo*ls*void,"b eluted",bsum*cbo*void 




'retention for a 
FVra=lmax*void/nstage
PRINT "Fract.Vra-', FVra, "Camax/Cao", amax
wa=(lwa2-lwa 1 )*void/nstage





PRINT "Fract.Vrb=", FVrb, "Cbmax/Cbo", bmax















UV calibration is done using BSA and ConA standards and absorbance measurement at 280 
nm and 595 nm with Bradford assay. Absobance is compared in scanning wavelength mode 
for 10 |iM pnpg (continuous line) and 1 mg/ml Con A (dotted line) solution.
Linear regression:
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Figure B.3: UV calibration with ConA standards using Bradford Method, the three points with large errors are 
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Figure B.4: Absorbance profile in wavelength scanning mode for 10 pM pnpg (continuous line) and 1 mg/ml 
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Figure B.5: Calibration data, linear regression and results relative to the SDS-Tris Glycine gel o f Figure 4.13 
(b). The first two points and the last one were not considered for the linear fit.
Gel Electrophoresis Standard 
Calibration
Mobility = -35 Log (MW) +180
1 0 -
3 3.5 4.5 5 5.5 64
Mobility (mm) 'Log (MW),






215 4 556303 36000
26 4.477121' 30000
33.5 4.20412 16000
40: 3.778151 j 6000
431 3.60206 4000
• i : :
ConA LTA
Mobility = 25 27 5
MW(Da)= 26826.96 22758.46
Log (MW)
Figure B.6: Calibration data, linear regression and results relative to the SDS-Tris Glycine gel o f Figure 4.13 
(a). The first two points and the last one were not considered for the linear fit.
An average value for the lectins monomers MW, obtained from the two gels are 
respectively 26660 Da for ConA and 23500 Da for LTA.
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Adsorption equilibrium data and calculation
Breakthrough curves, during FC loading of solution at concentration C0, are stored as C„ 
concentration in the outlet, in function of time of elution.
The breakthrough curve is integrated to obtain the breakthrough retention volume (Vr) as 
described with equation 2.22. Practically with the excel file containing the succession of 
CJC0 values in function of time, Vr is numerically obtained as follows,
V. -  F, n - a - a y=i ( B . l )
where Fr is the flow rate, n the number of sample readings, a the time interval between 
samples.
Table B.l: Experimental ionic adsorption equlibrium data of ConA on a DEAE-cellulose (GDG resin).
C(mg/ml) 0 .0 4 0 .1 1 0 .1 3 0 .1 8 0 .2 1 0 .2 7 0 .3 2 0 .3 8 0 .4 8 0 .5 8 0 .6 5 0 .6 8 0 .7 6
q(mg/ml) 2 .9 1 4 .6 7 8 .6 11.1 1 4 .5 1 6 .7 19.1 2 0 .8 2 2 .9 2 3 .8 2 5 .3 2 5 .8 2 7 .1
Table B2: FC results and calculation for pnpm adsorption onto ConA Sepharose 4B affinity media
C o  [ M l  I V r  [ m l ]  J  _  q J M )  _ i  q / C o  _ i _ _ _ _ _  j  _
1.66E-03; 1.062534761 f 0.000743012| 4.48E^01 i ~     ~j " 7 Z .._ ' ^
0 . 00083 - 1 ^ 28401508 j '  0.0007541471 9 . 09E - 01 ; 7
6 . 00M 15 r i 762W 533j [ 0 . 0M 7384^  _  K d  =  3 . 65E  05 M
0.0002075 2 " 4011872121 0 . 00067105_9 3 . 23E + 0d :  V b e d  =  0.7065 m l
0 . 00010375 ! J ^ 646389127j  0 . 000604439;  5 . 83E + 00 ; _  q m a x  = ;  7 ; 83E -04 M  
5 . 1875E - 05 ; 5 . 092974957:  0 . 00045842j  8 . S ^ E + O O ^  7 v o i d ’ = r  0. 32 "  
2 . 5938E - 05 ;  6 ^ 80559461"  ~ 0.00032572 = " l  . 26E + 01 ! V n r  = T ~  0.8475 m l
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Vr [ml] q (M) 
1.15204819 0.00068152 
1 37413894 0.00065881












K d= 1.70E-04 M 











qmax = 7.80E-04 M 
void = 0.32 - 
Vnr = 0.9141 mi
Table B4: FC results and calculation for Dnof adsorption onto LTA-Agarose affinity media f20°C)
Table B4: FC results and calculation for Dnpf adsorotion onto LTA-Agarose affinity media (5°C1
Co [M] Vr [ml] q [M] q /  Co
0.0005 0.9200542 6.0881E-05 0 121761948
0.00025 0.9747701 6.06903E-05 0.242761252
0.000125 1 0605136 5 40469E-05 0.432375437
6.25E-05 1.18505 4.4236E-05 0.707776399
3.13E-05 1.2934573 2.96097E-05 0.947509561
1.56E-05 1.4219599 1 92142E-05 1 229710866 Kd = 3.30E-05 M
7.81E-06 1.5589461 1.197E-05 1 532158951 Vbed = 0.7065 ml
3.91 E-06 1.6814113 7 .0412E-06 1.802546601 qmax = 6.60E-05 M
1.95E-06 1.7949653 4 .01027E-06 2.053259402 void = 0.36








500 1000 1500 2000 25
seconds
- 0.2
♦  7 .3 7 e -4 M  
□ 1 .47e-4M  
A 2 . 9 5 e -5 M
Figure B7: Three different concentrations breakthroughs o f pnpa non retained sugar into LTA-Agarose 3* 100 
packed column operating with FPLC system.
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A ppendix C
From the MicroCal Origin software, the data worksheets contain:
DH  Experimental heat change per injection i pcal/injection
INJV volume of titrant injected pi
X t Total Concentration of ligand before each injection mM
Mt Total Concentration of receptor before each injection mM
XMt Total ligand-receptor molar fraction
NDH  Normalised heat change for injection i per mole of injected cal/mol
Fit Results of fitting data model cal/mol







Where Vcell is the working volume of the titration cell and AH° is the molar heat of binding. 
From the initial concentration value for the receptor M ° , concentration is therefore 
recalculated every injection (A V,) based on the conservation of mass:
m ; ( 2 v„ „ - a v )
' ( 2 V cd, + AV)
C.2
where AV  is the cumulative volume change and the average receptor concentration 
displaced in A V is the mean of the two concentration before and after the volume change. 










Before the displaced volume leaves the working volume Vcsiu it contributes to the heat 
effect as much as the equivalent volume remaining in the cell, therefore the heat released 
after i h injection defined in equation 2.41 is corrected as
dV.AQi =Qi + — ± Qi + Qi-1 “ Cm C.5
Q is a quantity which applies only to the working volume Vceu.
When A l f  is known, from the experimental heat of binding the amount of ligand bound 
during each injection ( qt ) is calculated with C.l.
n
The total bound titrant would then be and with Xt and Mt data, Scatchard plots of
/=1
bound fraction/free ligand ( Y / F ) versus bound ligand fraction ( Y )  can be analysed.
The bound ligand fraction Y  is the concentration of bound ligand q over the total 
concentration of acceptor (Mt) identified in this work as lectin monomer concentration. The 
free ligand X is calculated as (Xt- q) after each injection.
The following table C.l reports the kind of data obtained during an ITC experiment for 
ConA D-Mannose titration as an example.
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Table C. 1: ITC data from origin worksheet and calculated values for Scatchard plot evaluation relative to Con
A titrated with D-Mannose at 20°C.
DH INJV X i Mt XM t NDH Fit One Fit Two q Y Y /X
-16.7998 2.004 0 0.15 0.08378 -888  -1065 .76  -1050 .92 2.92731E -06
-48.295 4 .993 0.01255 0.14979 0.29303 -1 031 .2  -1020  72 -1012 .5 1.13425E-05 0.075987 2345 456
-44  9261 4 993 0 0 4 3 7 4 0.14927 0 .503 -956 .226  -959  47  -957 .908 1 91708E -05 0.128879 2 3 1 5 9 1 9
-42  1886 4 993 0.07482 0.14875 0 71369 -895 .302  -901.921 -903 .756 2 6522E -05 0.178912 2256.773
-3 9 7 4 3 3 4 .993 0.1058 0.14824 0.92511 -840 .882  -847.951 -851 .56 3.34471 E -05 0 2 2 6 4 2 2 2 1 9 3 7 4 2
-37  9583 4 993 0.13666 0 1 4 7 7 2 1 13726 -801 .155  -7 97  42  -801 .965 4 00612E -05 0.272137 2136 772
-35.5904 4 .993 0.16742 0.14721 1.35013 -748 .456  -750.171 -753 .562 4 .62627E -05 0.315356 2077.483
-33.7103 4 .993 0.19806 0 1467 1.56373 -706 .612  -706 .037  -709  042 5.21367E -05 0.356636 2021.022
-31 9333 4 993 0.2286 0.14619 1 77805 -667.061 -664  844 -667  267 5 77009E -05 0 3 9 6 0 8 1967 326
-30.0097 4.993 0 .25903 0.14568 1.9931 -6 24 .25  -626 .418  -628 .537 6.293E -05 0.433462 191 4 4 16
-2 8  4382 4 .993 0.28935 0.14518 2.20887 -589 .273  -590 .587  -590 .355 6 .78853E -05 0.469242 1864 479
-2 7  0271 4.993 0 .31956 0.14467 2.42537 -557 .866  -557.181 -556 .225 7.25946E -05 0.503535 1817.322
-2 5  6191 4 .993 0.34967 0.14417 2.64259 -526 .529  -526 .037  -526.091 7 .70587E -05 0.536359 1772.494
-24  2208 4 .993 0.37966 0.14367 2.86054 -495 .407  -496 .998  -495 .955 8.12791E -05 0.56771 1729 449
-23.0823 4 993 0.40954 0.14317 3.07921 -470 .066  -469 .917  -467 .544 8 .5 3 01 1E-05 0.597891 1688 867
-21.9264 4 .993 0.43932 0.14267 3.29861 -444 .337  -444 .652  -442 .666 8.91217E -05 0.626823 1650 106
-2 0  8955 4 .993 0.46899 0.14218 3.51873 -421 .392  -421 .073  -419  26 9.27627E -05 0.654734 1 61 3 4 9
-1 9  845 4 993 0.49855 0 1 4 1 6 8 3.73958 -3 98 .00 9  -399 .055  -397 .199 9.62206E -05 0.681497 1578 346
-19.0767 4 .993 0.528 0.14119 3.96116 -380 .907  -378 .485  -376 .375 9 .95447E -05 0.707496 1545 441
-18 .152 4 .993 0.55734 0 1407 4.18345  -360 .322  -359  255 -356 .693 0.000102708 0.732527 1513 915
-17  3316 4 993 0.58657 0.14021 4.40648  -342 .06  -341 .266  -339 .968 0 .000105728 0.756656 1483 719
-16  3607 4.993 0.6157 0.13973 4 .63023  -320 .449  -324 .427  -322 .304 0 .000108578 0.779793 1454.48
-15.989 4 .993 0.64471 0.13924 4 8547 -312 .172  -308 .652  -307.421 0.000111364 0 8 0 2 5 6 8 1427 408
-15  3321 4 .993 0.67362 0.13876 5.0799 -297 .549  -293  864 -291 .493 0.000114036 0 824734 1401 693
-14 6719 4.993 0 70242 0 1 3 8 2 7 5 30583 -282.851 -279.991 -278 .194 0 000116592 0 846161 1376 951
-14 0178 4.993 0.73111 0 13779 5 53248 -268  289 -266 .966  -265 .592 0 000119035 0 866907 1353.157
-13  5565 4.993 0.75969 0 13731 5.75985 -258 .018  -2 54 .72 7  -2 55 .43 7 ; 0 000121397 0.887147 1330528
-12  8386 4 993 0 78816 0 13684 5 98795 - 242 039 - 243 219 -242  275 0.000123634 0 906675 1308 55
-1 2 5 7 8 8 4.993 0.81652 0.13636 6.21678 -236.251 -232 .388  -231 .488 0.000125826 0.925941 1287 918
-11.903 4 .993 0.84477 0.13589 6.44633 -221 .206  -222 .188  -221 23 0.0001279 0.94454 1267 805
-11 5679 4 993 0 87292 0.13541 6 6766 -2 13  743 -212  574 -211 .466 0 000129916 0 962767 1248 67
-11 3335 4 993 0 90095 0.13494 6.90761 -2 08  522 -203 .505  -203 .868 0.000131891 0.980818 1230 654
-10  7648 4 .993 0.92888 0.13447 7.13933 -195 .86  -194 .944  -194 .97 0.000133766 0 998256 1213.046
-10  4602 4.993 0.9567 0.134 7.37178 -1 89 .07 8  -186 .856  -186 .482 0.000135589 1.015344 1196 181
-10.113 4 993 0.98441 0.13354 7.60496 -181 .344  -179 .209  -180 .024 0.000137351 1.032172 1180.086
-9 .81589 4.993 1.01201 0.13307 7 .83886 -174  727 -171 .974  -172 .252 0.000139062 1.048651 1164 6
-9  36976 4 .993 1 0395 0.13261 8.07349 -164  794 -165 .123  -166 .429 0.000140694 1 064655 1149 493
-9 .06779 4 993 1.06689 0.13215 8 3 0 8 8 4  -158 .068  -158 .632  -159 .292 0.000142274 1.080372 1134.981
-8 .72893 4.993 1.09416 0.13169 8 54492 ' -150.521 -1 5 2 .4 7 7 ' -152 .463 0.000143795 1.09575 1120 932
-8 .54516 4.993 1.12133 0.13123 8.78172 -146 .426  -146 .637  -147.471 0.000145284 1.11099 1107.55
-8 .17033 5 1.14839 0.13077 9 01958 -137 .825  -141 .088  -142  673 0.000146708 1.125837 1094 467
-8 .02285 5 1.17537 0.13031 9.25817 -134.541 -135 .812  -136 .604 0 00 0 1 48 1 0 6 1.140504 1081 924
-7 .70459 5 1.20225 0 1 2 9 8 6 9 4 9 7 4 9  -127 .463  -130  795 -130 .783 0.000149448 1 154933 1069 806
-7 .58947 5 1.22902 0.1294 9.73753 -124 .899  -126 .022  -128 .143 0.000150771 1.169219 1058 203
-7 .43135 5 1.25568 0.12895 9 .9783 -121 .379  -121 .479  -122.721 0.000152066 1.18339 104 7 0 95
-7 .40032 5 1.28223 0 1285 10.2198 -120 .684  -117  151 -117 .515 0.000153355 1 197619 103 6 6 17
-6  90078 5 1.30867 0.12805 10 46202 -1 09  577 -113 .025  -113.931 0.000154558 1.211266 1026 112
-6 .76392 5 1.335 0.1276 10.70497 -1 06 .53  -109 .09  -110 .495 0.000155736 1.224726 1015.962
-6 .48776 5 1.36122 0.12716 10.94865 -100 .387  -105 .334  -107 .199 0.000156867 1.237997 1006.123
-6  33094 5 1.38733 0.12671 11 19306 -96  8963 -101 748 -102  666 0 0 0 0 1 5 7 9 7 1.251047 996 5564
-6 .40378 5 1.41334 0.12627 11.43819 -98 .5088  -9 8 3 2 1 7  -99  6552 0.000159086 1.26429 987.6149
-6  0997 5 1.43923 0.12583 11.68405 -91 .7456  -9 5  0458 -96 .7627 0.000160148 1.277203 978.7956
-5  9873 5 1 46502 0 1 2 5 3 9 11 93064 -89 .2418  -91 9122 -92 .6607 0 00 0 1 61 1 9 2 1 29005 9 7 0 3 2 0 8
-5.69781 5 1.4907 0.12495 12.17795 -82 .8026  -8 8  9132 -91 .3195 0.000162185 1.302582 961 9646




Chromatograms relative to ConA-Sepharose packed columns
Figure D .l: Affinity chromatography of L-Fucose (1 mg/ml) and D-Mannose (1 mg/ml) in order o f elution, 
(a): 0.2 ml/min, Y-axis range 0 - 0.012 volts, (b): 0.25 ml/min, Y-axis range 0 - 0.016 volts, (c): 0.3 ml/min, 




Figure D.2: Injection o f 5 pi with 1 mg/ml Fucose (first peak) and 1 mg/ml Mannose (second peak). 
Flow rate 0.2 ml/min. Column 4.4 x 250 mm.
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Figure D.3: Injection o f 5 pi with 1 mg/ml Fucose (first peak) and 1 mg/ml Mannose (second peak). 
Flow rate 0.25 ml/min. Column 4.4 * 250 mm.
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Figure D.4: Injection o f 5 pi with 1 mg/ml Fucose (first peak) and 1 mg/ml Mannose (second peak). 
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Figure D.5: Injection o f 5 pi with 1 mg/ml Fucose (first peak) and 1 mg/ml Mannose (second peak). 
Flow rate 0.35 ml/min. Column 4.4 * 250 mm.
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Figure D.6: Injection o f 5 pi with lir.g/ml Fucose (first peak) and 1 mg/ml Mannose (second peak). 
Flow rate 0.4 ml/min. Column 4.4 x 250 mm.
Figure D.7: Injection o f 5 pi with 1 mg/ml Fucose (first peak) and 1 mg/ml Mannose (second peak). 
Flow rate 0.45 ml/min. Column 4.4 * 250 mm.
A ppendix £
Presentation
“Do Lectin monomers show 1:1 binding with monosaccharides?”
Presented (poster) at The 19th International Lectin Meeting, (INTERLEC 19th), Fortaleza, 
Brazil 25-30*, March, 2001.
Poster presentation recognised as prize-winning contribution by the organiser.
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f y fm* par^al* j^w ^t ed m d  xk jtta x  mourn** sb a
mttaoesK m n ^ a n c n  w l t o d i i n w  n r i n ^ j M n a i O  
’m t jxac spcrifu -nl«Hacd»adr ntencu r . to ttu. Auto m d v
jntuaacti bit ( t o a o w d l  4  XteVl) wing a tenod 
toncotuai tiurifo a^pnai^i twfifee the  -n the caac rf 
a o w t t o t t o  a c t  nunumcr nut be -maMfc to trading < w
•,'nMT u n f  M )p r  ttMdf».~nlr
to frnma) chromaiupmphy A^acm*. im x teu sn m ai^  & 
adamtaiie it. niiuucKi iitill ’x  id rijmtiWitnti with the 
oonuiMljBd kunro allowing its ipoosne m thcnr of a specific 
sugar to t r  ^harairicnsctl lln this work jffaun uhRixnatogmpin 
« w  maducicd with ConA inxmubikaed an Sephorusrdfi with 
cxpcnmcnu a n te d  mil over a mnpr of kctS omucxttalwas using 
mo-D^ iiu^cipvrant^nlc a* the odwiroing apcacs The n u h »  
obtained showed die maximum hmding copacb* ctecrved pave a 
ratss> of adsorfaair u> immt^iiiiwcd nrnnnmcr significantly prralrr 
dml
AnaH'wiv of the binding data obtained sequent* that each ConA 
monomer u- capable m binding 2 pnp-l>Glucopyriinosidc
nvotcculcN The binding isotherms and breakthrough o m o  
oexamcd arc beat described m term* of a two one Adair equation 
whetr the aaaocuiiiun constant for the second sitris greater than 
the fmtt. ue. posmvek cooperative The icsuh* at the
.hnmakiftnphit. -uudv axe supported bv data obtained using an 
bOthemiai utratuiti calorimeter uhwn also showed binding 
stcKhKMnetrys greaurr than one.
BACKGROUND
Concanavalin A (ConA) is a legume which, at ambient 
temperature and neutral pH. comprises of four non-glycosylatcd 
subunits of 26 IcDa. held together by non-covaicnt interaction. 
Each subunit or monomer, is considered to contain a single 
specific sugar binding site.
ConA will bind both terminal -linked D-glucosc and N- 
acctylglucosammine 1 1 however, higher affinity is exhibited for 
D-Mannose and its glycosides in -anomcric form Man*l- 
6(Man«l 3)Man). In 1989 Dcrcwcnda el al. p,and Loris at al. W 
elucidated, at atomic resolution, the crystal structure of both 
ConA-mcthyl--D-mannopyranoside and ConA-trimannosidc 
complexes.
These results identifyied all the key features of binding in terms 
of the linkages between sugar carbons and lectin aminoacids.
This raises an interesting question: since the binding site can 
accomodate a trimannoside molecule, is it possible that more than 
one small monosaccharide molecule cuuki he bound with weaker 
d& un*
Evuirtkzc tor ihw pmtbilm is pnmdod by HPLC studies 
cuaduaed m Ademtm dt al M> whcxr immobilised ConA showed 
* pcaicr than thcmcucai capacity leading the authors to maunder 
the possibility of a second population at mm-spccific binding 
uack.
SmmarH. on isothermal cakmmcinc titration study with ConA 
carried out m Wiliams a  ai ni suggest* that ntnding can occur 
limaigt a minibcr ui n dwuci sue*, instead at a single high affinity
48. obcaswd fiwn SIGMA 
O nttK ah lid , a n  »4ucy packed in a 3*10 sub glass column. P* 
n o cyhea ^  D-Chirr*•rnnm ir. D-Gkxcaa fyophdired ConA. safes 
aad boffa afi at high p««y m e  porduxd Iran SIGMA C hnakab 
U L
Expemnrra* were a l  corned o u  ts Tns Buffer 20 rnMoi. pH 7.2-7.4, 
conunin« 250 mMoi NaCX 03  mMol CnCL. MoCL. MgCk. and 
U J X Ik a n a a i
Fsuaaol loading <4 jmp-< ikicafwanoewdc at different cooccxurauom 
rirnmghotf the Can.A-ScphanMC ophon was performed al 0.1 mV^ ntm. 
fjam  each brcikdrough cove the retention vohine ts calculated
T P *
r ,  the mcotxw volume far a  uxretamed solute, was determined bom 
:hc breakthrough curve irf pnp-orahinopuancKade soluiioos.
die amount at pnp-D-Gk ifiecificalK bound to the subonary phase 
each n n  can be determined fnxn.
*,=c.T.-r)
The cqudibnuiti paruucw isoihcrm of a specific hgand bcrurcn mobile 
and tdauonarv phase can be calculated using tins method. M 
The cxpcmncniaJ cquihhnura points obtained (odscotied while, iqi vs 
mobile phase concentration rO) wrre dies fitted using both single 
site (Langmuir) and two sites model (Adair |Y| ) models using a 
commercial package (Scientist Micromath ltd).
- l i lL - L  
‘ K , + C
(Langmuir)
f r.,ctx.,x.ici
l + 3X (,C + K i , K l l C ‘
(Adair)
where q is the number of moles of adsorbed pnp-GIc per liter of gel. 
Kd is the dissociation constant and q_  is the gel maximum binding 
capacity. Y is the fraction of occupied sites and K and K^ are the two 
microscopic association constants in the ease of Adair model for two 
sites.
The equilibrium constants calculated from the best fitting of the 
experimental results have been adopted in a multistage model to 
describe the original experimental breakthrough curves.
In this model the column is treated as a series of N  equilibrium stages 
in which the mass balance for each stage is;
C.,=£C,H+a(c,,+?,J
j  = /.... ;V stages 
i = 1.2
I cu-i
The subscript j axbeaac* the loading *acp for each wage 1 hciure. 2 
after equilibrium • is the external va»d volume incuaa and • is the 
titatiaaary phase volume fraction
A thcrmodyiUBntc asacsanexu of CanA-D-Gk micraajoctt has also 
been conducted using a MscraCal \T  latdhermal Tmataoe Cilonoctn 
5b.iaeni hi tbs cose. ConA xdutxio (0.3*5 aM . mcrwmer 
jcmermnaieatl «as tnmed »nh 56 mjreuaos 5H each of D-Gk 
wilutice (1536 mM i One bmda^ sue per xaaaoBtet and a rcactaoo 
flmcbamcani equal to 1 have been assumed to interpret the 
atlanmcsnc data Onpn Software package.
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Fig_2 Experimental adatvptioQ cqmhhninj ptnsta for the sysacai Ce*A- 
Sep, pnpAilc. fitted fee (a) 1 mgrnug cqua&ua. ib» Adotr model r«c 
binding cajs.







FigJ MulUkOage equilibrium model des*rq4xin of experimental
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